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Preface

This book provides coverage of relevant topics in the field of tumor neurosurgery, for
residents and registrars in training, and for recent graduates of training programs. As
neurosurgical training incorporates expertise from centers worldwide, there is a need
to have input from specialists in neurosurgery from various countries. This text is a
compilation by expert authors in the USA and the UK to provide information on the
basic knowledge and clinical management required for optimal care of neuro-oncology
patients. The text is an up-to-date synopsis of the field of tumor neurosurgery from
American and British perspectives, which covers the most common sites and tumor
pathologies encountered by neurosurgeons. The chapters are organized under broad
topics, including investigative studies, perioperative care and the role of newer tech-
niques. The clinical management of CNS tumors in adults and children is described,
including spinal tumors, both intradural and extradural. We anticipate that trainees
will find this information useful for certification examinations and recent graduates of
neurosurgical training programs can utilize this text as an update.

Anne J. Moore
Plymouth, UK

David W. Newell
Seattle, USA
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Allen E. Waziri, Derek A. Taggard and

Vincent C. Traynelis

Summary

The goal of this chapter is to provide a brief
description and critical review of the various
intraoperative monitoring techniques avail-
able to the modern neurosurgeon.

Introduction

Since the mid-1960s, neurosurgeons have been
increasingly dedicated to utilizing technology
that allows for the monitoring of neurological
integrity and assessment of progress towards
operative goals while a procedure is under way.
Most neurosurgical procedures bear the risk
of permanent neurological injury and, in the
worst cases, devastation. In an attempt to
reduce such morbidity, numerous methods of
intraoperative monitoring have been created to
guide the neurosurgeon in altering operative
activity in a way that will prevent or minimize
neurological damage. Ideally, these monitoring
techniques involve minimal additional risks to
the patient. There are a number of methods that
have been in use for several decades and are well
described. In addition, experimental techniques
are being developed to provide further insight
into the neurophysiological changes associated
with surgical manipulation of the nervous
system.

The ideal intraoperative monitoring tool sat-
isfies several technical criteria. First is the ability

to detect neurological damage at an early and
reversible stage. Second, any modifications of
the operative technique to allow for monitoring
must not interfere with the surgeon’s ability to
achieve the operative goal. Components of the
monitoring system should be easy to use and
provide consistent, reliable data. The informa-
tion obtained should be resistant to variables
of the operative environment, such as depth of
anesthesia, choice of anesthetic agents, temper-
ature, or electrical artifact. Last, the neuro-
logical function or region being monitored must
be that which is placed at risk by the operative
procedure. The goal of intraoperative monitor-
ing is to provide the surgeon with information
that will guide or improve the current procedure
as well as subsequent procedures. All currently
available techniques fulfill these ideals to vari-
able degrees.

In addition to the theoretical goals of intra-
operative monitoring, there are a number of
practical issues that must be taken into con-
sideration if such techniques are to be used
efficiently and successfully. Appropriate techni-
cal and analytical assistance is required from
individuals who are thoroughly familiar with
the particular technique to be used. The posi-
tioning of the patient and the monitoring
equipment must be optimized to allow for the
gathering of useful data without disruption of
the surgical field or approach. The equipment to
be used should be in excellent working order
and calibrated for the particular needs of each
case. Finally, potential sources of interference
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that could mask or prohibit data acquisition,
such as operating lights or other emitters of
radiated electrical activity, should be minimized
pre-operatively.

This chapter attempts to provide a brief
description and discussion of intraoperative
monitoring techniques that are currently used
by neurosurgeons, some of which have been
utilized with great success over the years, and
others which remain in an experimental phase.
Intraoperative imaging and image-guidance will
be covered in Chapter 7.

Electroencephalography

Electroencephalography (EEG) monitors and
records spontaneously generated electrical
potentials originating from the various surface
cortical regions of the brain. EEG was first util-
ized as an intraoperative monitoring technique
in 1965. It has subsequently grown in popularity
owing to readily available equipment, familiar
and consistent technique, relative simplicity of
pre-operative set-up, and well- characterized
patterns of response to various states of neuro-
logical function.

Traditional EEG relies on the application of a
standard grid of scalp electrodes that are posi-
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tioned using the International 10-20 Scalp
Electrode Placement System (Fig. 1.1). Data are
typically gathered from both cerebral hemi-
spheres. Appropriate personnel, including an
individual trained in interpretation of the
ongoing recordings, are required to apply the
electrodes and maintain the system throughout
the surgical procedure. Conventional EEG
recording generates a great deal of data and
requires continuous monitoring by a trained
individual; therefore, there has been some inter-
est in developing computer-based methods of
real-time EEG analysis. Several methods of dig-
itally processing EEG signals with subsequent
computer analysis have been described, which
utilize Fourier transforms to provide spectral
power representations that are easier to inter-
pret than the raw EEG data (known as com-
pressed spectral array, or CSA). However, there
has been concern over the failure of CSA to
detect mild changes that could be detected with
analog EEG monitoring, and the simplified data
provided by CSA are more likely to be compli-
cated by artifacts introduced by the operative
environment. This may be alleviated by com-
parison of selected segments of raw data with
the histograms generated by the computer.
The primary utility of intraoperative EEG is in
monitoring for the presence of prolonged and

TOP OF HEAD

Fig. 1.1. The International 10-20 Scalp Electrode Placement System used to obtain electroencephalographic recordings, as viewed

from the left side and top of the head.
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significant ischemia of the brain related to vari-
ous surgical manipulations. Numerous studies
have demonstrated that synaptic transmission is
abolished when cerebral blood flow (CBF)
decreases below 15 ml/100 g/min, and the abil-
ity of the neuron to maintain its membrane
potential fails when flow drops below 10 ml/
100 g/min. At this level, permanent neurological
damage may ensue within minutes if blood flow
remains reduced. Unilateral hemispheric
ischemia will abrogate EEG activity within about
20 seconds. However, permanent neuronal
damage, which can be detected by potassium
efflux, does not begin to occur until 5 minutes
post ischemia. Surgical trials in humans have
demonstrated that major EEG changes occur
with drops in CBF below 10 ml/100 g/min,
while more minor changes occur with flows of
10-18 ml/100 g/min. The EEG pattern generally
remains stable at flows of 25 ml/100 g/min or
greater. Zampella et al. demonstrated that only
5% of patients will have demonstrable EEG
changes at flows of 20 m1/100 g/min, while 31%
of patients showed these changes at flows of less
than 13 ml/100 g/min [1]. The crucial role of
EEG lies in identifying the “ischemic penum-
bra”, which is the pathophysiological state of
acute ischemia in which neurons are non-
functional but still alive and salvageable by re-
perfusion. As EEG is capable of detecting this
state of cerebral ischemia prior to the develop-
ment of permanent damage, it can be an
extremely valuable technique in monitoring
procedures that may result in reduced blood
flow. In general, EEG has been shown to be
more sensitive and to show more rapid changes
than the recording of somatosensory-evoked
potentials for alerting the surgeon to potentially
harmful manipulations, although the rate of
false-positives is higher.

Importantly, EEG is particularly sensitive to
anesthesia. Most anesthetic agents, including
the halogenated gases, thiopental, midazolam,
etomidate and propofol, cause similar EEG
changes. At doses below the minimum alveolar
concentration (MAC), widespread, frontally
predominant, fast rhythms appear. Increasing
doses are generally characterized by a disap-
pearance of these alpha rhythms with concur-
rent appearance of a beta rhythm, followed by a
progressive slowing towards theta and delta
rhythms. Deep anesthesia is associated with a
burst-suppression pattern, and at the deepest

levels measurable potentials may disappear
altogether. Although the effects of different
anesthetics differ slightly at lower doses in
terms of the particular patterns seen, slowing
with burst-suppression is the common feature
of all of these drugs. Anesthetic-induced EEG
changes should be seen bilaterally and symmet-
rically over both cerebral cortices.

Intraoperative use of EEG during neuro-
surgery has primarily been used in the moni-
toring of ischemic changes associated with
carotid endarterectomy (CEA). Recordings are
typically obtained pre-operatively, at induction,
intermittently during dissection, and continu-
ously during cross-clamp occlusion of the
internal carotid artery (ICA). Indications of sig-
nificant ischemia may potentially mandate use
of a shunt during the period of cross-clamping.
Considering that the use of a shunt increases
operative risk, related to either the potential for
embolism or prolongation of operative time, the
surgeon is required to balance these concerns
with the benefits of shunting. A retrospective
study by Salvian et al. compared a large cohort
of patients who had undergone CEA either with
routine shunting (n = 92) or with selective
shunting using EEG changes as the indicator
(n = 213). Of the selectively shunted group, only
16% had EEG changes that led to shunting. Post-
operatively, 4 of the 92 patients who were rou-
tinely shunted had major stroke. In contrast, the
selectively shunted group had only one case of
post-operative stroke, suggesting that the use
of EEG in determining the need for shunt-
ing may significantly reduce the risk of post-
operative neurological deficit [2].

The two major EEG changes predictive of
cerebral ischemia are: (1) slowing with
decreased amplitude in the ischemic hemi-
sphere, and (2) attenuation of the anesthetic-
induced fast rhythms. EEG changes may be
classified as major or moderate, with total or
near-complete attenuation of 8-15 Hz activity
and/or at least a doubling of delta activity of
1 Hz or less representing major changes. These
alterations typically involve the ipsilateral
hemisphere but can also be seen bilaterally or
exclusively in the contralateral hemisphere.
Moderate changes include amplitude attenua-
tion of at least 50% or an increase in delta
activity of 1 Hz or greater. When alterations of
the recorded activity occur, whether major or
moderate, they generally begin within minutes



of cross-clamping the ICA. Nearly all of the
major EEG changes that occur upon cross-
clamping will reverse with placement of a shunt.

It has been suggested that EEG monitoring
has a high false- positive rate in predicting
stroke during CEA, thus unnecessarily subject-
ing many patients to the risks of shunt place-
ment. However, the sum of the data on EEG
monitoring in the setting of CEA indicates that
it can identify the subset of patients at risk of
clamp-induced ischemic insult. Redekop and
Ferguson described a cohort of 293 patients
who underwent routine CEA without shunting.
Eight percent of these individuals demonstrated
major EEG changes following clamping of the
ICA; of this subset, 18% had immediate post-
operative deficits, compared with only 1% of the
individuals who did not have clamp-related EEG
changes [3]. Another large retrospective analy-
sis demonstrated similar success with the use of
intraoperative EEG during CEA; stroke
occurred in only 0.3% of patients who had been
monitored with EEG during their procedure
(and who had shunts placed upon the appear-
ance of significant EEG changes), compared
with a stroke incidence of 2.3% in the non-mon-
itored group [4].

It has been pointed out that the predictive
value of EEG monitoring, as measured by the
actual number of strokes associated with major
alterations of EEG patterns, is relatively low.
There are a number of factors that are relevant
to this issue. The threshold between tolerable
ischemia and irreversible infarction does not
clearly correlate with changes in the EEG pat-
terns. Time is also a significant variable. A
patient may well tolerate relative ischemia for
the short time in which the ICA is cross-
clamped during endarterectomy; however, if
such ischemia were to persist for a greater
length of time, permanent injury could result.

Obviously, the utility of standard methods of
EEG, which require the placement of a grid of
scalp electrodes, is limited by specific require-
ments of the operative approach, so these
methods are of very little practical utility for a
large proportion of intracranial cases. In addi-
tion, EEG monitoring loses efficacy in cases per-
formed under deep hypothermic circulatory
arrest {e.g. complex intracranial aneurysm); in
fact, EEG activity ceases at brain temperatures
of 19-26°C. Conversely, the disappearance of
EEG activity has been used as a method to assess
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the adequacy of cooling in cases where deep
hypothermic circulatory arrest is required. It
has been proposed that a total of 3 minutes of
electrocerebral silence (ECS) is an adequate
endpoint for the assessment of therapeutic
hypothermia.

Electrocorticography

Electrocorticography (ECoG) has been used as
a tool to identify loci of epileptiform activity or
to delineate regions of eloquent cortex. As with
EEG, ECoG records electrical potentials that are
generated by the changing oscillatory activity of
cortical neuronal groups. Unlike EEG, however,
ECoG uses depth electrodes or surface electrode
“grids” that are placed in direct contact with
the cortical tissue, allowing for much finer
spatial resolution of cortical electrical activity.
Synchronous neuronal activity must be within
approximately 6 cm? of the cortical surface in
order to be detectable by scalp electrodes, while
ECoG is able to detect epileptiform discharges
outside of this radius. As with standard EEG, the
interpretation of intraoperative ECoG is com-
plicated by the effects of anesthetic agents.

The traditional use of intraoperative ECoG
has been dedicated to the identification and
demarcation of the limits of resectable epilepto-
genic foci, primarily based on the detection of
interictal epileptiform activity. There has been
no agreement, however, on which interictal dis-
charges are predictive of continued risk of
epileptiform activity. A study evaluating the
implications of residual epileptogenic dis-
charges following tumor resection suggested
that surgical irritation of the cortex could induce
such activity; furthermore, such discharges were
not predictive of post-operative clinical seizures
[5]. In addition, ECoG may not be helpful in
determining whether such discharges are inde-
pendent of, or propagated from, another site.
The most widely accepted use of ECoG in
epilepsy surgery has been in cases of extratem-
poral partial seizures, where it has been used
routinely to set the boundaries of tissue
resection. The use of ECoG in temporal lobe
procedures has been more dependent on indi-
vidual institutional philosophy, as some centers
employ standard resection strategies or depend
on pre-operative delineation of the epilepto-
genic focus. The use of post-excisional ECoG
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is also variable, although the chances of seizure-
free outcome are improved if there is no evi-
dence of persistent epileptiform activity fol-
lowing resection. A comprehensive discussion
about the use of ECoG in the management of
primary epilepsy remains beyond the scope of
this chapter.

Somatosensory Evoked
Potentials

Neurosurgical monitoring of sensory evoked
potentials (SEPs) relies on the recognition of
characteristic alterations in the excitable prop-
erties of compromised neurons. These alter-
ations generally occur before the onset of
irreversible damage and can thus theoretically
guide or alter the subsequent surgical tech-
nique. Evoked potential recordings, in contrast
to those obtained via EEG, can only be gener-
ated via the use of external stimuli of various
means. In general, SEPs used in intraoperative
monitoring are generated by applying a periph-
eral stimulus to the particular sensory modality
that carries its signal through the neurological
region at risk, with recordings being taken at
standardized points along the afferent pathway
that allow for the assessment of both amplitude
and latency of the signal. These stimuli can
take the form of peripheral nerve shocks for
somatosensory evoked potentials (SSEPs),
trains of auditory clicks for brainstem auditory
evoked potentials (BAEPs), or flashes of light for
visual evoked potentials (VEPs). Waveforms of
the SEPs are amplified and undesirable back-
ground noise may be filtered out. Prolongation
of signal latency or decreased amplitude sug-
gests diminished function at some point along
the sensory pathway.

For the interpretation of SSEP data, adequate
analysis of the waveforms requires averaging of
at least 100 responses to provide reliable and
clear waveform morphology. The rate of stimu-
lation is usually 4-5 Hz, which minimizes acqui-
sition time without inducing attenuation of the
cortical response. Therefore, feedback can be
provided to the surgeon about every 30-60
seconds. It is optimal to perform bilateral
recordings, which allows the contralateral hemi-
sphere to serve as an internal control.
Components of the evoked response recording

are labeled as either positive or negative, rela-
tive to a reference electrode, followed numeri-
cally by their modal peak latency in
milliseconds. As an example, characteristic
median nerve SSEP waves should include N13,
P14,N20, P20 and P25 peaks (Fig. 1.2). The clival
area generates the N13 deflection and reflects
activation of the caudal medial lemniscus.
Thalamocortical afferent activity is represented
by the P14 wave, and N20 is associated with acti-
vation of cortical neurons in the primary
somatosensory cortex. The latency difference
between N13 and N20 is referred to as the
“central conduction time” (CCT).

There are several variables that must be
taken into consideration when using SSEP
during neurosurgical procedures. Factors that
can alter SSEP performance intraoperatively
include anesthetic depth and type, patient tem-
perature, blood pressure, limb positioning, and
specific placement of stimulator and recording
electrodes. In general, anesthetics cause an
attenuation of the cortical components of the
SSEP, such as N20, while the subcortical com-
ponents remain resistant. Wave amplitudes
are reduced and latencies are prolonged in a
dose-related manner, particularly with the
halogenated agents. Several exceptions include
etomidate and ketamine, which can enhance the
amplitude of the cortical components. Baseline
recordings are crucial for evaluating changes
that occur as a result of the operative procedure;
individuals with carotid stenosis often demon-
strate prolonged baseline CCTs and decreased
amplitudes of various cortical responses.

SSEP monitoring has been used as an indica-
tor of cerebral ischemia in much the same way
as EEG. However, SSEP has several advantages
over EEG as an intraoperative monitoring tech-
nique, which include greater relative resistance
to general anesthesia, fewer electrode sites, and
comparative ease of recording and interpreta-
tion. Generally, reductions in SSEP amplitudes
are initiated by decreased cerebral oxidative
mechanisms rather than by permanent neu-
ronal damage. Decreases in CBF leading to SSEP
changes parallel those causing noticeable EEG
changes. Fisher et al. summarized a series of
seven studies that analyzed outcomes of CEA as
a function of SSEP changes. Of the total of 3,028
patients in all studies, 5.6% demonstrated a sig-
nificant decline of SSEP as a direct result of sur-
gical manipulation. Among these individuals,
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Fig. 1.2. Normal somatosensory evoked potentials detected after stimulation of the right median nerve. The central conduction
time is calculated as the difference between the N13 and N20 peaks.

20% developed significant post-operative
deficit. This number may have been larger had
not a number of the patients with SSEP changes
undergone shunting as a result of those changes
[6]. Severe, irreversible SSEP changes appear to
be a rare but ominous sign. This occurred in less
than 1% of cases in a series of 994 CEAs;
however, all awoke with neurological sequelae
[7]. In contrast to EEG, no study has been
performed with the intent to delineate the false-
positive rate of SSEP monitoring - as it relates
to stroke - if a shunt is not placed.

When cerebral ischemia occurs with the
application of a clamp upon the ICA, character-
istic changes occur in the N20, P25 and N30
components of the SSEP. A defined sequence of
alterations, or stages, that occur with progres-
sive ischemia has been described. Amplitude
reduction combined with latency progression
of N30 represents mild, or stage 1, ischemic
change. Stage 2, or moderate, changes include
the disappearance of N30 as well as amplitude
reductions of N20 and P25 up to 50%. Severe, or
stage 3, changes are defined by the loss of P25
with the concomitant progression of increasing
latency and amplitude reduction of N20. Guerit

describes a similar system, which recommends
shunt placement whenever moderate-to-severe
SSEP alterations occur within 7 minutes after
cross-clamping, and he suggests that some cases
of mild-to-moderate SSEP change may be due
to drops in blood pressure rather than to the
ischemic effects of cross-clamping [8].
Experience of others has supported the sensi-
tivity of N20 and P25 to ischemic insults, and
amplitude reductions have proven to be more
predictive than latency increases. Most surgeons
who rely on SSEPs place a shunt when the N20-
P25 complex decreases by 50% or rapidly disap-
pears with clamping of the ICA. These changes
typically recover when flow is re-established
through the shunt. Overall, the correlation of
SSEP changes to clinical outcome is quite good.
Neurological dysfunction is remarkably rare in
the setting of SSEP with little or no change. In
the series by Haupt and Horsch, only one of the
994 patients suffered a stroke in the face of
normal SSEPs. As with EEG, clamp-induced
changes in SSEPs occur in about 20-30% of
monitored cases. It is important to note that
temporary ischemia, whether due to intended
or accidental vessel occlusion, does not imme-
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diately give rise to alterations in the relevant
SSEP [7].

SSEP monitoring has also been shown to be
useful during intracranial procedures that
directly or indirectly contribute to ischemia,
including aneurysm clipping or manipulation
and retraction of various brain structures.
Isolated vascular territories can be assessed
through judicious selection of the stimulus loca-
tion to be used for SSEP. Regions of cortex
subserved by the ICA and MCA can be moni-
tored by stimulation through the median nerve;
in addition, the median nerve can be used to
assess flow to the thalamic segment of the
somatosensory pathway, an area provided for
by the PCA. Posterior tibial nerve SSEP has been
used for monitoring the territory of the ACA,
although concurrent monitoring of the median
nerve may be necessary for adequate detection
of ischemia involving the dependent regions of
the recurrent artery of Huebner. In assessing
the posterior circulation, isolated monitoring of
either SSEP or BAEP during vertebrobasilar
aneurysm clipping may be of little use, as
ischemia due to basilar perforator occlusion
may not affect the auditory or somatosensory
pathways traversing the brainstem; however, if
used in combination, SSEP and BAEP monitor-
ing may enhance the ability to detect brainstem
ischemia.

Currently, prospective data comparing EEG
and SSEP monitoring for reversible ischemia
and patient outcomes do not exist. On a theo-
retical level, EEG monitors a larger area of the
cerebral cortex and does not require time aver-
aging of signals. However, Fava et al. have sug-
gested that SSEP monitoring, in addition to
EEG, enhances the overall predictive value of
monitoring during CEA. Patients (n = 151) with
EEG changes indicating significant ischemia
were shunted only if severe SSEP changes
occurred within the first few minutes after vessel
occlusion. Fewer shunts were placed using this
protocol than if EEG were used independently.
No patient with significant EEG changes in con-
junction with insignificant SSEP changes had a
post-operative deficit. Patients who were
shunted did well, with the exception of subjects
whose ischemia was felt to be embolic and who
awoke with new deficit [9]. Guerit suggests that
SSEP may be superior to EEG in the determina-
tion of ECS in cases using deep hypothermic
circulatory arrest, as the SSEP is much less
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sensitive to environmental electrical noise and
is therefore better suited to identifying true ECS
[8].

SSEP has also been used for functional local-
ization in the cerebral cortex, most particularly
in defining the central sulcus, via the use of
phase reversal. SSEPs recorded simultaneously
from the precentral and postcentral gyri exhibit
typical responses of reversed polarity (Fig. 1.3).
The evoked potential from the precentral gyrus
is a biphasic positive-negative waveform, com-
pared with the mirror image of the postcentral
gyrus, which is negative-positive. The typically
recorded response in the postcentral gyrus fol-
lowing median nerve stimulation is a negative
deflection with a latency period of 20 ms (N20)
followed by a positive deflection at 30 ms (P30).
Precentral recordings reveal somewhat lower
amplitude deflections that mirror the sensory
strip recordings (characteristically, a P22 com-
ponent followed by an N33 deflection). The
precise etiology of these potentials and phase
reversal is not fully understood. Brodman’s area
3b, located on the primary sensory cortex along
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Fig. 1.3. Phase reversal across the central sulcus in response to
contralateral median nerve stimulation. The reversal in polarity
is evident when comparing leads 2 and 3, positions that bridge
the central sulcus (darkened for emphasis).



the posterior wall of the central sulcus, receives
sensory impulses from the thalamus. This region
at least partially contributes to the generation of
the N20 wave. Neurons within the precentral
gyrus are thought to be responsible for generat-
ing the P22 deflection, as ablation of the post-
central gyrus does not eliminate this component
of the SSEP. The P22 wave probably results from
direct projections from the thalamus to the
motor strip, but may be influenced by associa-
tion fibers from area 3b.

SSEPs may also be recorded at the spinal level
to monitor for insult to neurological tissues dur-
ing spinal surgery, assuming that the location of
peripheral stimulation is optimized to assess the
level of cord at risk during a particular proce-
dure (Fig. 1.4). SSEP monitoring is commonly
used during a number of spinal procedures,
including correction of scoliosis, resection of
spinal AVM or tumor, therapeutic embolization
of spinal AVMs, correction of spinal instability,
and therapy for syringomyelia. Changes in
spinal SSEP after the placement of hardware can
suggest a need for changes in positioning of the
hardware. Electrodes may be placed in the sub-
arachnoid or epidural space, on the interspinous
ligament, or attached to a spinous process. With
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the exception of subarachnoid leads, these leads
may be placed percutaneously or at the site of
surgical exposure. Recording evoked potentials
at the spinal level has some advantages over cor-
tically recorded SSEPs. Spinal evoked potentials
have larger amplitudes, and repetition rates may
be increased (which can reduce acquisition
time). In addition, SSEPs recorded from the
spinal cord are more resistant to the effects of
anesthetic agents than are cortically detected
SSEPs.

While median nerve stimulation has been
commonly used for monitoring SSEP during
cervical spine procedures, caudal portions of
the cervical cord may not receive appropriate
coverage with this modality. The ulnar nerve
may offer more complete representation of
lower cervical levels. For procedures placing the
thoracic or lumbar cord at risk, SSEPs generated
through the posterior tibial or common per-
oneal nerves can be used. Recordings taken
simultaneously from both the upper and lower
limb may allow for an internal control in certain
procedures; specifically, evoked potentials that
are lost from both the upper and lower extrem-
ity during a procedure which places the thoracic
cord at risk suggest a technical error in stimu-
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Fig. 1.4. Left and right median nerve somatosensory evoked potentials in a patient who underwent laminectomy and exposure of
an intradural, intramedullary tumor of the cervical spine. The right P14 waveform is initially diminished at baseline and then is
permanently lost during the midline myelotomy. Left-sided tracings are unaffected. The patient awoke with a permanent right

hemi-proprioceptive loss.
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lation or recording. However, if only lower
extremity responses were lost in this case, the
surgeon would be more suspicious of injury to
the thoracic cord.

Alarge (n=51,263), multicenter retrospective
survey examining the role of SSEP monitoring in
scoliosis surgery suggested a 50% reduction in
the rate of neurological defects related to the
procedure in patients who had intraoperative
SSEP monitoring. The rate of false-negatives
was remarkably low in this survey (0.06%), and
the authors concluded that spinal SSEP was
effective for detecting more than 90% of intra-
operative neurological deficits [10]. Others
have suggested that SSEPs may be useful in the
assessment of compromising mechanical fac-
tors or decreases in relative blood flow to the
spinal cord. A small study (n = 13) performed
on patients with syringomyelia, treated with
syringo-subarachnoid shunting, demonstrated
a rapid improvement in spinal SSEPs follow-
ing decompression of the syrinx. This improve-
ment correlated with increased local blood flow
to these regions, and the patients had post-
operative improvement in their symptoms [11].

However, larger trials have not demonstrated
similar consistency. Falsely positive SSEP
changes are relatively common [10]. In a review
of 182 cervical spine procedures, complete loss
of evoked potential recordings occurred in 33
subjects and was associated with post-operative
deficit in only 50% of these cases [12]. Partial
loss of response was even less predictive, pro-
viding an overall specificity of only 27%.
Further, false-negative recordings have been
described. A large retrospective survey of nearly
190 spine surgeons who routinely used intraop-
erative SSEP monitoring found that nearly
30% of combined post-operative deficits seen
in their patients occurred in the absence of
observed spinal SSEP changes [13]. Confound-
ingly, recordings may show improvement dur-
ing a case without correlation to post-operative
neurological improvement. Positive changes to
SSEP waveforms may reassure the surgeon
intraoperatively, while several studies have
demonstrated that improvement of SSEP ampli-
tude or latency appears to be of little post-
operative clinical significance.

It has been suggested that the use of SSEP
monitoring in spinal surgery may be augmented
with the concurrent use of another monitoring
technique (such as motor evoked potentials).
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However, at this time there is no consensus as
to the efficacy of isolated intraoperative spinal
SSEP monitoring.

Monitoring techniques for surgery of the
lumbosacral spine have also been reported. In
an attempt to reduce the limited morbidity
associated with lumbosacral diskectomy or
pedicle screw fixation of the lumbosacral spine,
some surgeons monitor nerve root function in
the lower extremity during the procedure.
Again, no clear efficacy has been demonstrated
by controlled study.

Spinal Stimulation

Electrical stimulation of the spinal cord, both
directly and indirectly, has been well described
over the last decade as an additional method for
monitoring the integrity of the descending tracts
during surgical manipulation of the spine. The
evoked motor responses, termed “neurogenic
motor evoked potentials” (NMEPs), can be fol-
lowed by recording from the sciatic nerve at the
popliteal fossa bilaterally or by monitoring for
myogenic responses in the lower limbs. The
electrodes used to evoke NMEPs can be placed
in several locations rostral to the region to be
manipulated, including the epidural space, the
spinous processes, or in a position that allows
for percutaneous stimulation. Direct stimula-
tion through pedicle screws has also been
attempted as a means of assessing impingement
upon, or damage to, nerve roots owing to
misalignment of the hardware.

A recent study evaluated the efficacy of each
of these electrode positions in 50 patients
undergoing posterior thoracic or thoracolum-
bar procedures with instrumentation. The find-
ings demonstrated excellent results for each
method; however, epidural placement of the
stimulating electrodes was found to be most
reliable in terms of the acquisition of initial
NMEPs and in maintaining those NMEPs
throughout the procedure [14]. The use of elec-
trodes placed on the spinous processes or in the
epidural space often requires enlargement of the
surgical field and placement of the electrodes
within the surgical field, which can result in
some inconvenience.

A comparison of NMEP and SSEP was per-
formed by Pereon et al. in a consecutive series
of 112 patients undergoing surgical correction



of spinal deformity, in which both NMEPs and
SSEPs were generated and monitored. In three
of the cases, surgical manipulation resulted in
sudden loss of both NMEPs and SSEPs. In these
cases, the electrodes used for elicitation of
NMEP were moved along the spinal cord until
the precise level of involvement was appreci-
ated, with subsequent laminectomy and decom-
pression at that level. Two of the three patients
exhibiting evoked potential loss were asympto-
matic following the procedure, while a third
was left paraplegic. However, in two additional
operations, isolated changes in NMEP were
seen without a concomitant change in SSEP. In
both of these cases, the surgical procedure was
altered accordingly and potential neurological
damage was avoided. In addition, the data from
NMEP monitoring, requiring no time averaging,
were acquired more quickly than data from
SSEP, allowing for more timely interventions in
the face of pending injury [15].

Monitoring of sacral root innervation to the
anal and urethral sphincters can be performed
with either evoked potential monitoring or by
manometric recordings. In cases of tethered
cord or tumor resection, a comprehensive strat-
egy for monitoring has been proposed, which
provides coverage from L2 to S4 [16]. This
system uses a combination of SSEP monitoring
from tibial nerve and nerve root stimulation
with electromyographic (EMG) recordings of
muscle from the sphincters and relevant leg
musculature. The proposed benefit is an ability
to differentiate functional neural tissue from
non-functional or fibrous tissue. Despite the
successful application of these various monitor-
ing techniques, there has been no controlled
study documenting improved neurological out-
comes in these cases, and the circumstances in
which lumbosacral spinal cord monitoring is
efficacious have not been well defined.

Motor Evoked Potentials

Identification of the primary motor cortex and
the specifics of the motor homunculus can be
accomplished via the use of cortical electrical or
magnetic stimulation, using concomitant EMG
recording to assess a response to the evoked
potential in the periphery. Electrical stimulation
is performed with single surface electrodes or
electrode grids that are placed in direct contact
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with the cortex. Transcranial electrical stimula-
tion is remarkably painful, due to current flow
across the scalp. Therefore, non-anesthetized
recordings are not feasible. Furthermore, tran-
scranial electrical stimulation is contraindicated
in patients with a history of seizure or an EEG
suggestive of seizure tendency. Magnetically
induced motor evoked potentials (MEPs) are
generated by passing a changing current
through a coil held perpendicular to the corti-
cal surface, which induces a magnetic force per-
pendicular to the electrical field. Transcranial
magnetic stimulation (TMS) of the cortex is
painless, may be obtained both pre- and intra-
operatively, and does not require averaging for
analytical purposes. However, this method is
cumbersome, expensive and non-specific with
regard to the cortex it stimulates.

MEPs are exquisitely sensitive to the effects
of anesthetics. It has been conclusively demon-
strated that isoflurane will abolish MEPs gener-
ated by either electrical or magnetic stimulation
of the cortex. Barbiturates, propofol and benzo-
diazepines exert a strong depressive effect on
MEPs; etomidate causes a milder depression
that eventually returns to baseline. Anesthetics
that have been shown to have little or no effect
on MEP are halothane, fentanyl and ketamine.
MEPs generated by stimulation of the spinal
cord avoid the cortical effects of these anesthet-
ics and will remain intact. Cortical MEPs may
be difficult to generate in young children, in
whom the motor cortex is relatively inexcitable.

Enhanced patient outcome has not been
clearly documented with the use of MEPs in
controlled trials. A retrospective study reviewed
the resections of 130 intramedullary tumors
performed with the assistance of MEP record-
ings. The results suggested that gross total
resection of these tumors was more likely when
MEP monitoring was used; however, no clear
reduction in morbidity or improvement in
patient outcome related to monitoring was
demonstrated [17].

In addition to assessing cortical elements of
the motor system, MEP may prove to be a valu-
able technique in the assessment of intraopera-
tive risk to the motor pathways of the brainstem
and spinal cord. Considering that sensory
impulses travel in the posterior tracts of the
spinal cord and the lateral aspects of the brain-
stem, isolated monitoring of SSEP is incomplete
for assessing the integrity of all spinal pathways.
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The use of simultaneous MEP and SSEP moni-
toring has been suggested for this purpose and
has been studied to a limited extent. Nagle et al.
reviewed a series of 116 cases involving surgical
manipulation of the spinal cord or column
in which simultaneous intraoperative SSEP and
MEP monitoring was utilized. Significant intra-
operative changes in both SSEP and MEP pat-
terns occurred in eight of these patients. An
additional patient had isolated MEP changes.
All patients with intraoperative changes awoke
with post-operative deficit. Therefore, the
authors support simultaneous use of both MEP
and SSEP monitoring to achieve parallel, inde-
pendent monitoring of spinal function [18].
Additional data from another series of patients
undergoing surgical correction of spinal defor-
mity suggested that relevant intraoperative
changes are acquired in a more timely fashion
with MEP than with SSEP [15].

Cortical Mapping
Techniques

Functional areas other than the primary motor
cortex can be localized with electrically or mag-
netically driven cortical mapping techniques.
Preservation of language function is a primary
concern when performing dominant temporal
lobe resections. Investigations that have mapped
cortical regions subserving functional speech
have demonstrated considerable variability in
the specific location of these areas along the
superior and medial temporal gyri. Resections of
the dominant temporal lobe using standardized
strategies have the potential to significantly dam-
age the patient’s ability to speak or, alternatively,
underestimate the potential limits of resection,
depending on the exact location of language
areas.

The most reliable and widely used technique
for identifying cortical language areas involves
direct electrical stimulation of cortex that is
putatively involved in functional speech.
Numerous studies have shown that electrical
stimulation of speech-related cortex will inter-
fere with language tasks, generally resulting in
anomia or a complete abrogation of speech.
Electrical-stimulation language mapping is typ-
ically carried out in awake patients. When cir-
cumstances dictate that a resection be carried
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out under general anesthesia, an initial cran-
iotomy can be performed to place indwelling
surface electrode grids over the brain regions to
be mapped. Following recovery from this initial
procedure, detailed language-mapping proto-
cols are carried out via the externalized electri-
cal leads. After language mapping has been
completed, with all functionally important cor-
tical sites identified, the patient is returned to
the operating room for electrode removal and
an appropriately guided resection under general
anesthesia.

Safe and effective language mapping is
accomplished via direct electrical stimulation of
the cortex at strengths that are below the after-
discharge (AD) threshold. ADs are abnormal
cortical discharges that are evoked by focal
electrical stimulation and which persist beyond
the period of stimulation. Electrocorticographic
recording electrodes must be positioned imme-
diately adjacent to the site of electrical stimula-
tion in order to detect ADs. Stimulation
strengths with the potential to evoke ADs are
also capable of evoking local seizure activity.
This can render stimulation mapping uninter-
pretable or, at worst, precipitate a generalized
seizure. Typically, electrical stimuli are deliv-
ered via a hand-held probe and consist of pulse
trains of charge-balanced square waves (0.2 ms
duration, 50 Hz). The patient is instructed to
carry out a variety of language tasks (e.g. object
identification, word repetition, counting, execu-
tion of verbal commands) as disruptive electri-
cal stimuli are delivered to various cortical
surface sites. Sites that are associated with
changes in speech and comprehension are iden-
tified and can be spared during the subsequent
surgical resection.

Microelectrode
Recording/Stimulation

Neurosurgical treatment options for the various
movement disorders have been under investiga-
tion for a number of decades. Parkinson’s dis-
ease has perhaps received the greatest amount
of attention, partly owing to unsatisfactory long-
term outcomes with current medical therapies,
improved understanding of the pathophysiolog-
ical connections relevant to Parkinson’s disease,
and advances in monitoring techniques relevant



to these procedures. These cases generally
involve either ablation or deep-brain stimula-
tion of the motor thalamus, the globus pallidus
or the subthalamic nucleus via stereotactic
electrode placement; more recently, stem cell
transplantation has emerged as a potential
treatment option. Precise advancement and the
final position of electrodes used for ablation
or stimulation are of paramount importance in
reducing post-operative morbidity as well as
ensuring the best chance for therapeutic suc-
cess. The primary method used over the last
decade for this purpose is electrophysiological
monitoring of the brain structures that are tra-
versed by the microelectrode during the proce-
dure.

The microelectrode mapping technique relies
on the development of a “physiological map”
based on the known spontaneous firing rate and
pattern of particular neuronal groups and the
predictable pattern changes that are related to
various stimuli. The internal capsule and optic
tract can be identified through the recording of
firing changes related to sensory stimuli such as
limb movement or flashes of light, respectively.
As the recording/stimulating electrode is
advanced, the physiological map that is devel-
oped can be correlated to a standardized stereo-
tactic atlas or thin-slice high-resolution MRI
images from the particular patient. Once this
map is developed, lesion or stimulation elec-
trode placement can occur with maximum pre-
cision.

The proven utility of microelectrode record-
ing for increasing accuracy and decreasing mor-
bidity in ablation or deep-brain stimulator
placement is somewhat unclear. Although the
vast majority of surgeons performing these pro-
cedures utilize microelectrode guidance, a crit-
ical review of the relevant literature compiled by
Hariz and Fodstad questioned this practice.
They noted that rates of severe complications
and mortality appeared to be higher when
microelectrodes were used, rather than MRI-
based guidance, for either ablative or stimula-
tory purposes, while concomitant gains in
accuracy and efficacy of the procedure were not
seen. Their final conclusion focused on the need
for a prospective, randomized trial comparing
micro- and macroelectrodes in movement dis-
order surgery [19].
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Brainstem Auditory
Evoked Potentials

The recording of cortical potentials related to
auditory stimuli has proven to be difficult. In
many patients, the primary auditory cortex is
located deep within the Sylvian fissure. This
location generates potentials whose dipole is
perpendicular to the cortical surface, thereby
rendering them undetectable by surface or scalp
electrodes. However, detection and analysis of
BAEPs have been developed for a number of
neurosurgical procedures involving areas that
are traversed by the ascending auditory signal,
including both extra-axial (nerve) and intra-
axial (brainstem) tissues. These procedures
include resection of vestibular schwannomas,
microvascular decompression of cranial nerves,
retrolabyrinthine vestibular neurectomy, clip-
ping of basilar artery aneurysms, treatment of
posterior fossa AVMs, and resection of tumors
residing in the cerebellopontine angle (CPA) or
brainstem.

BAEPs are generated via the presentation of
trains of clicks to one or both ears, resulting in
an afferent signal that can be detected by scalp
electrodes as it passes through the vestibulo-
cochlear nerve, lower brainstem and midbrain.
As with SSEP, changes in waveform amplitude
or prolongation of signal latency are suggestive
of impending or actual damage to the pathway,
and persistent loss of the BAEP is more indica-
tive of permanent damage than transient loss.
Pre-operative assessment must be performed to
obtain the baseline performance of the ascend-
ing auditory pathway for each individual prior
to surgical manipulation. In most cases, hun-
dreds or even thousands of responses to rapid
(10-30 Hz) stimuli are averaged to obtain high
quality waveforms. There are five major peaks,
numbered I-V, which are particularly relevant
in the analysis of BAEPs (Fig. 1.5). These waves
are thought to be generated from the proximal
eighth cranial nerve (I), the entry zone into the
brainstem (II), the cochlear nuclear complex
(III), the superior olive (IV), and the contralat-
eral lemniscus or nucleus (V). These associa-
tions become important in the operating room,
as brainstem ischemia may prolong the latency
of peak V but leave peaks I and III essentially
unaffected. Although it is possible to record
directly from an exposed eighth nerve, the
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Fig. 1.5. Normal brainstem auditory evoked potentials with labeling of peaks |-V. During CPA surgery, peak V commonly exhibits a
gradual prolongation of latency and reduction of amplitude that is not predictive of hearing loss (AS = left ear, AD = right ear).

potentials detected in this fashion are difficult
to record and fail to provide insight into the
functional status of ascending pathways in the
brainstem.

The most frequent indication for the use of
BAEP monitoring has been in the resection of
vestibular schwannomas. There are a number of
steps in the surgical procedure that are known
to place auditory function at risk, including
opening of the dura, cerebellar retraction, coag-
ulation of tumor vessels, and removal of tumor
present in the auditory canal, particularly from
the most lateral portion. A series presented by
Fischer et al. demonstrated that hearing was
preserved in an average of 45% of patients who
underwent resection of a vestibular schwan-
noma with concomitant recording of BAEP; this
number was variable depending on the particu-
lar grade of the tumor [20]. Similar findings
were described by Fahlbusch et al. in a series of
61 patients who underwent resection of large
vestibular schwannomas via a lateral suboccip-
ital approach with pre-operative and intraoper-
ative BAEP monitoring. In this cohort, hearing
was preserved in approximately 43% of patients
in the early post-operative phase; however, a
number of patients had subsequent decreases in
hearing, resulting in a decrease in the final

number of hearing-intact individuals to 27%
[21]. BAEP monitoring has also been used in
cases focusing on microvascular decompression
of the facial or trigeminal nerves. Both retro-
spective and prospective studies have suggested
that post-operative hearing loss can be reduced
in these cases with the use of BAEP monitoring
before and during the procedure.

Changes in BAEP that have been referred to
as significant indicators of post-operative
hearing loss are: decreases in waveform ampli-
tude of 50%, prolongation of waveform latency
of 10% or greater, and dramatic alterations in
waveform morphology. Obviously, disappear-
ance of the waveform is most concerning and is
most likely to correlate with subsequent loss of
hearing. Upon exposure of the CPA, wave V may
exhibit prolonged latency and amplitude reduc-
tion that gradually continues until the potential
is lost. When wave V is lost, no prediction of
post-operative hearing can be made. If the
potential is unchanged throughout surgery, the
patient’s post-operative auditory function will
be stable. Loss of wave I occurs more acutely
over minutes and is always associated with loss
of wave V; return of this potential will occur
within 15 minutes or will not return at all. If it
fails to reappear within this time, hearing will

»



inevitably be lost. Hearing will be preserved if
both waves remain unaffected.

Cranial Nerve
Monitoring

The most extensive experience with brainstem
and cranial nerve monitoring has come from
procedures involving the CPA. Various sensory
and motor functions of the cranial nerves can be
monitored in an attempt to preserve function or
to assist intraoperative decision making. As pre-
viously, sensory nerves are typically monitored
with evoked potentials and motor nerves with
EMG recordings. The theoretical rationale for
monitoring spontaneous EMG activity relies on
the property that thermal, mechanical or meta-
bolic irritation of the intracranial portion of a
cranial motor nerve will lead to a predictable and
measurable activity in the innervated muscle.

Logistically, intraoperative EMG monitoring
of muscles innervated by the various cranial
nerves is relatively simple. Needle insertion into
the appropriate muscle is preferable to surface
electrode placement for increasing the sensitiv-
ity and specificity of the system. Intramuscular
electrodes increase the sensitivity of detection
for spontaneous EMG activity, while surface
electrodes are more appropriate for the assess-
ment of compound muscle action potentials
(CMAPs). Most systems amplify and convert the
muscle action potential to audible signals that
are immediately available to the surgical team.
A variety of probes are available for the pur-
poses of stimulation. Both constant current and
constant voltage stimulation paradigms exist,
and both have been used effectively and safely.
Monopolar and bipolar stimulating electrodes
are available, with the latter providing more
focal stimulation. Finally, appropriate commu-
nication with the anesthesiologist is crucial, as
EMG potentials will be abrogated by significant
neuromuscular blockade.

The efficacy of facial nerve monitoring in
reducing post-operative facial palsy during CPA
tumor surgery is well established. Monitoring
during vestibular schwannoma resection is
particularly crucial, as up to 78% of these
cases involve an impairment of the facial nerve.
Facial nerve activity is usually recorded from the
ipsilateral frontalis, orbicularis oculi, orbicu-
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laris oris, and/or mentalis muscles. EMG
responses have been classified as either sponta-
neous or evoked. Spontaneous activity is com-
mon with the onset of monitoring, generally
characterized by low-amplitude, low-density
unit potentials presenting as steady trains or
small repetitive bursts. Evoked responses, which
are more common, are further subdivided into
three patterns. “Pulse patterns” result from pur-
poseful stimulation of the facial nerve with the
stimulating probe and have a frequency identi-
cal to that generated by the stimulator. A second
response, the “burst pattern”, results from
mechanical, chemical or thermal stimuli. Such
alterations of nerve firing occur soon after the
inciting event, with the observed pattern con-
sisting of short (<1 s) bursts of synchronous
motor activity. The final type of activity, known
as the train pattern, presents as groups of asyn-
chronous discharges with durations of several
minutes. These potentials may have a latency of
seconds to minutes after the aggravating event
occurs. Traction on the nerve is usually the
causative event, but chemical or thermal irrita-
tion may also be responsible. Activity may also
be seen if cold irrigation fluid is used. The train
pattern is most concerning as an indicator of
potential or current damage to the nerve; the
effect is typically delayed and outlasts the stim-
ulus that incited it.

Post-operative function of the facial nerve
can be predicted based on stimulation studies
performed prior to wound closure. Inability to
produce facial motion with high current stimu-
lation is predictive of post-operative paralysis.
When stimulation of more than 3.0 mA in a con-
stant voltage setting is required to produce
facial movement, post-operative palsy of the
seventh cranial nerve is expected. However,
potential for recovery exists if the nerve is
intact. Good movement induced by 0.05-0.2 mA
at the brainstem has been correlated with
normal or minimal paresis of the facial nerve.
Using a constant current setting, elevation of
stimulus threshold to 0.2 or 0.3 V following the
procedure is usually associated with good post-
operative function of the nerve. However,
threshold potentials greater than 0.3 V may be
indicative of post-operative loss of function.

Antidromic stimulation of the facial nerve is
also possible via the use of a hand-held elec-
trode placed in the surgical field, with nerve
stimulation at the stylomastoid foramen. This
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technique is advantageous in cases where
neuromuscular blockade is required; however,
continuous monitoring of nerve function is
obviously extremely difficult, and a certain
amount of inconvenience is added due to the
need to introduce a hand-held device into the
surgical field.

EMG monitoring of the facial nerve has also
been an important part of procedures per-
formed to relieve hemifacial spasm. Abnormal
muscle response to stimulation of the appropri-
ate branch of the facial nerve, which is typically
seen in this patient population, disappears when
the nerve is released from the offending vessel.
This finding has been associated with good post-
operative outcomes, while perseverance of an
abnormal response parallels residual post-oper-
ative spasm.

Intraoperative monitoring of the other
cranial nerves is also possible. Needle electrodes
can be placed into any of the extraocular
muscles, thereby monitoring cranial nerves III,
IV and VI. The masseter or temporalis serve as
recording sites for the motor division of the
trigeminal nerve. Electrodes placed into the soft
palate or posterior pharyngeal musculature can
be used to monitor the function of cranial nerve
IX. However, great care must be taken when
stimulating these motor fibers, as some of them
innervate the carotid body and stimulation may
result in bradycardia or hypotension. Similarly,
vagal monitoring, using electrodes placed endo-
scopically into the vocal cords or cricothyroid
muscle, may also result in marked bradycardia,
arrythmias or alterations of blood pressure. The
absence of vagal activity, as recorded in laryn-
geal muscles, can be used to determine whether
posterior pharyngeal recordings are attribut-
able to cranial nerve IX rather than to nerve X.
EMG recordings from either the trapezeus or
sternocleidomastoid muscles will indicate activ-
ity of cranial nerve XI; however, stimulus inten-
sity should be kept low to minimize the
possibility of forceful jerking of the head with
resulting trauma at the pin sites. Electrodes
placed in the tongue allow for recording of
evoked potentials from hypoglossal stimulation.

Visual Evoked Potentials

There has been interest in developing a reliable
method of measuring and interpreting visual
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evoked potentials (VEPs) for use during proce-
dures that could compromise elements of the
visual pathway from the retina to the occipital
cortex. Optic stimuli have been traditionally
delivered through LED-emitting goggles or
fitted contact lenses. There have been very few
studies assessing the role of VEP monitoring in
neurosurgical procedures, perhaps due to the
enormous variation in observed waveform
characteristics in conjunction with persistently
unreliable recordings. Preliminary results have
been mixed, but the overriding consensus sug-
gests that the use of VEP monitoring is not jus-
tified as a technique owing to this extensive
variability. It has been demonstrated that alter-
ations in VEP have very poor sensitivity and
specificity for the prediction of post-operative
visual changes. Therefore, this technique
remains primarily in the experimental arena.

Measurement of
Cerebral Blood Flow

Two major methods have been devised for the
purpose of primary quantification of CBF. As
opposed to EEG or SSEP monitoring, which give
a secondary glimpse of CBF by detecting physi-
ological changes that occur owing to decreases
in flow, direct measurement of flow would hypo-
thetically provide more rapid and relevant intra-
operative feedback. The first of these methods
relies on measuring the clearance of an
injectable tracer from brain tissue. The tracer
that has been used for this purpose, due to its
relative insolubility in water and rapid diffusion
across the blood-brain barrier, is 133Xe.
Typically, clearance is detected with a hand-held
sensor placed over the region of interest follow-
ing injection of the tracer into the ICA. A clear-
ance curve is generated and the area under the
curve is used for calculating CBF. The use of
133Xe for CBF measurement during CEA has
been well described. Sundt has reported the
greatest experience with regional CBF (rCBF)
measurements during CEA [22]. It is primarily
his analysis of nearly 2,200 monitored patients
that supports shunt placement for flows of less
than 18-20 ml/100 g/min. Others have ques-
tioned the efficacy of measuring rCBF during
CEA. Zampella et al. performed EEG monitoring
and rCBF measurements during 431 consecutive



CEAs without shunting {1]. No correlation was
found between rCBF measurements and neuro-
logical morbidity or overall complication rate.

A second method of measuring CBF relies on
near-infrared spectroscopy to assess cerebral
oxygenation status. Also known as “cerebral
oximetry”, this technique measures changes in
the levels of oxygenated, deoxygenated and total
hemoglobin as well as oxidized cytochrome in
the local cerebral blood supply. The advantage
of using the near-infrared spectrum is that this
wavelength of light passes easily through the
extracranial tissues, allowing for non-invasive
monitoring. However, variations in anatomy or
extra- to intracranial collateral blood supply can
make interpretation of the results somewhat dif-
ficult. The sensor patch is placed over the fore-
head on the ipsilateral side and continuous
measurements of regional cerebral oxygen sat-
uration (rSO,) are obtained. Several studies
have assessed the utility of cerebral oximetry as
a monitoring technique during CEA; results
have been mixed and it is clear that significant
improvements need to be made to this tech-
nique before it can be used with any consistency
for intraoperative monitoring.

Intraoperative
Ultrasound

B-mode ultrasound began to be used by neuro-
surgeons soon after it became available in the
early 1980s. It quickly proved its value for local-
izing lesions, delineating normal and patholog-
ical anatomy, guiding instrumentation, and
identifying residual tumor following resection.
It can be particularly useful for localizing
intramedullary spinal cord pathology. More
recently, stereotactic intraoperative ultrasound
has been employed as an adjunct during surgi-
cal procedures using image guidance. As intra-
operative “shift” can instill significant error into
these systems, real-time ultrasound imaging can
be compared with the pre-operative scans used
for image guidance, and appropriate correc-
tions can be made.

Transcranial Doppler (TCD) ultrasound has
been used for the intraoperative assessment of
flow velocities and detection of embolic events
during CEA by insonation of the terminal ICA,
MCA or ACA through a temporal window. A
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large study (n = 1058) of patients undergoing
CEA with intraoperative TCD monitoring con-
cluded that microemboli detected during dis-
section/wound closure, decreases of MCA
velocities equal to or greater than 90%, and
increases of pulsatility index of 100% or more
were significantly associated with post-opera-
tive stroke [23].

Microvascular Doppler has several intraoper-
ative uses, including evaluation of flow in the
carotid artery following CEA, documentation of
graft patency in cases of EC-IC bypass, and
assessment of flow in an aneurysm and adjacent
vessels before and after clip application.

Intraoperative
Angiography

Intraoperative angiography is used during a
wide range of neurovascular procedures includ-
ing aneurysm clipping, AVM resection, and EC-
IC bypass. The imaging procedure itself is iden-
tical to non-operative angiography; however,
patient positioning and preparation and the
use of radiolucent stabilizing equipment are
crucial for the successful use of this technique
in the operating room. The potential complica-
tions are similar to those seen during non-
operative cerebral angiography, namely groin
hematoma, femoral artery thrombosis, stroke
and vasospasm.

The utility of intraoperative angiography has
been documented by several studies. In a series
of 115 patients undergoing various neurovascu-
lar procedures with angiography, the operative
procedure was altered in 19 of these cases owing
to concerns raised by the intraoperative
angiogram, while only 2 of the 115 patients had
a post-operative complication that could poten-
tially have been related to angiography [24].

Peripheral Nerve
Monitoring

Peripheral nerve monitoring relies primarily on
EMG recordings, nerve conduction velocity
(NCV), nerve action potentials (NAPs) and
SSEPs, all of which are performed in the same
fashion as during routine non-operative evalu-
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ation of nerve function. These techniques can be
used to assess the pre-operative function of the
nerve, as related to pathological changes, in
addition to allowing for the monitoring of func-
tional status of the nerve during surgical manip-
ulation. Sources of insult to the nerve, capable
of instigating changes detectable with these
techniques, include compression, laceration,
stretching or ischemia.

EMG recordings are particularly helpful in
establishing the location, severity and extent of
a peripheral nerve problem. The recording elec-
trode is placed into the belly of the muscle
innervated by the peripheral nerve that is patho-
logically involved or placed at risk by surgical
manipulation. During the procedure, nerve
integrity can be monitored by proximal appli-
cation of an electrical stimulus with assessment
of the resulting muscle activity through EMG
recordings. This technique can also be used to
demonstrate the identity of a nerve by the
pattern of muscle responses seen after stimula-
tion.

NCVs can be used to specifically localize a
region of pathological change in a peripheral
nerve. Measurement of NCVs requires the
placement of stimulating and recording elec-
trodes along the length of the nerve of interest.
Relevant pathology can be localized by measur-
ing the conduction time (and therefore velocity)
and amplitude of an action potential passing
through a particular segment of the nerve. A
decrease in velocity suggests a problem with
myelination (seen in entrapment syndromes)
whilst a diminished amplitude is indicative of
axonal loss. Sensory and motor fibers cannot be
delineated by this method. Direct stimulation of
a lesion may be extremely helpful in differenti-
ating between pathological nervous tissue
(e.g. neuroma) and normal nervous tissue and
for guiding the appropriate limits of surgical
resection.

Typically, bipolar stimulation is used for
optimal focusing of the stimulus current.
Hooked electrodes can be used, which allow for
the nerve to be lifted free of surrounding tissue
in a gentle fashion, thereby minimizing stimu-
lus artifact due to volume conduction. Adequate
stimulation can be accomplished using a setting
of 50 V (constant current) or 10 mA (constant
voltage) for a duration of 0.05 ms. Greater
current may be necessary in cases where the
nerve is fibrotic or has decreased myelination.
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In general, the recording electrode must be
placed at a minimum of 5 cm from the stimula-
tion electrode; if the distance is smaller, any rel-
evant NAP may be obscured by shock artifact.
NAPs will not be affected by general anesthetics
or neuromuscular blockade. However, local
ischemia, as caused by application of a tourni-
quet, may result in obliteration of the NAP.
Circulation should be restored for a minimum
of 20 minutes before reliable NAPs can be
recorded.

In a review of 25 years of experience, includ-
ing more than 2,000 patients, Kline and Happel
found that recording intraoperative NAPs
was essential to surgical decision making and
successful outcome. When a NAP could be suc-
cessfully recorded across a lesion in continuity,
93% of patients had good recovery of function
following neurolysis. If the NAP failed to cross
the region of pathology, the dysfunctional tissue
could be resected and repaired with satisfactory
results in nearly two-thirds of cases [25].

Conclusions

To assure the greatest possible success of any of
the aforementioned intraoperative monitoring
techniques, a number of factors need to be con-
sidered on a case-by-case basis. Cooperation
and communication between the surgeon, anes-
thesiologist and physiologist or technician
responsible for collection and interpretation of
the monitoring data are paramount for accurate
intraoperative information. The operative team
must be dedicated to the proper set-up and use
of the monitoring equipment, although the
preparation may take a few extra moments, in
order to maximize data acquisition and avoid
the unlikely possibility of harm related to the
monitoring process itself. Similarly, the moni-
toring team should maintain an unobtrusive
presence in the operating room and provide no
unnecessary distraction or delay to the proce-
dure. Appropriate selection of a particular tech-
nique for a given case is crucial and the surgeon
must be willing to change his operative tech-
nique if the appropriate warning signs become
apparent. Finally, it is important to note that no
form of intraoperative monitoring guarantees a
good post-operative result, even in the absence
of the relevant warning signs.



Key Points

®

Various techniques for intraoperative neuro-
physiological monitoring are available to
neurosurgeons for use during procedures that
involve both the central and peripheral
nervous system.

Some of these techniques have a proven utility
and play an integral role during a number of
neurosurgical cases. Other techniques are
used as a matter of personal preference or
remain in the experimental realm.

Several of these methods, particularly EEG
and SSEP monitoring, are effective at demon-
strating neurophysiological changes attribut-
able to ischemia, and therefore are of use in
procedures that place the CBF at risk.

Techniques such as SSEP, MEP, BAEP, EMG
and NCV recording allow for monitoring of
afferent or efferent activity through regions of
the nervous system placed at risk by neuro-
surgical manipulation.

Monitoring/mapping of cortical functions can
be performed using techniques such as phase
reversal, microelectrode recording or cortical
stimulation (either electrical or magnetic).
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Summary

Neuroradiology utilises a wide range of
imaging modalities in the diagnosis and
treatment of CNS pathologies. MRI is the
investigation of choice for most neuro-
radiological imaging. CT remains the fore-
most modality in the emergency situation,
and is superior to MRI in the visualisation of
calcification, bone detail and acute hemor-
rhage. Angiography should be considered for
all patients without a clear cause of hemor-
rhage and who are surgical candidates.
Digital subtraction angiography is currently
the gold standard in the investigation of sub-
arachnoid hemorrhage, but in the future
MRA and CTA will replace it. Technological
advances are moving towards less invasive
imaging modalities, supported by functional
and physiological data. Ultrasound is the
primary investigation in a neonate with an
enlarging head and will reliably diagnose
ventriculomegaly. It is accurate in the
assessment of internal carotid artery sten-
osis for potential carotid endarterectomy
patients.

Introduction

Neuroradiology has evolved as a subspecialty of
radiology by the application of different radio-
logical techniques to the investigation of clini-
cal problems related to the central nervous
system (CNS) and spine. Initially limited to
radiographs, a number of techniques became
available that required skill in performance
and interpretation, demanding the establish-
ment of “neuroradiology”. We now have a
core of imaging modalities that allow ever
more accurate diagnosis, and increasingly treat-
ment, of CNS pathologies. These modalities
include radiographs, computed tomography
(CT), magnetic resonance imaging (MRI),
angiography, ultrasound, nuclear medicine,
myelography and interventional neuro-
radiology. These present a complex permuta-
tion of possible investigation of given clinical
conditions that may be further influenced by
local availability and expertise.

This chapter will review these imaging
modalities and discuss the basic principles,
indications, weaknesses and complications
illustrated by clinical examples. A comprehen-
sive imaging review of neurological disease is
not possible in the length of this chapter and the
reader is referred to recent neuroradiological
textbooks for further reading [1, 2].
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Radiographs

Radiographs, once the only investigation avail-
able, are nearly redundant in modern neuro-
radiology. The use of skull radiographs has been
greatly reduced even in trauma, and are now
used in the UK as part of a triage exercise in
minor head injury cases to decide on the safe
discharge of a patient.

A person who has sustained a mild head
injury, has no skull fracture, is Glasgow Coma
Scale 15 and has adequate support at home can
be discharged with a head injury advice chart.
Even in this situation there is a case for CT scan-
ning, the limiting factors being radiation dosage
(ten times that of skull radiographs) and exten-
sive workload to the CT scanner. There may be
a role for skull radiographs in mild trauma to
exclude a depressed skull fracture that is sus-
pected from the mechanism of injury. The skull
radiograph is still requested in myeloma and
renal bone disease “screens”.

Radiographs of the spine can be more helpful.
They still form the basis of trauma cervical spine
imaging “clearing the spine”, although there are
advocates of CT in this role if the patient is
already undergoing CT of another part of the
body.

A vast number of radiographs are still used in
the assessment of neck and back pain. The yield
of significant abnormalities is generally very
low; in low back pain it is more productive if the
use of radiographs is limited to the young
patient (under 20 years) for the detection of
spondylolisthesis (Fig. 2.1) and to older patients
(over 55 years) where metastasis is more likely.
Degenerative disease seen on a radiograph cor-
relates poorly with clinical signs and symptoms.
Where surgical management of degenerative
disease is considered, then there is a case for
MRI only [3].

Computed Tomography

The first patient to be scanned using CT was at
Atkinson Morley’s Hospital in London in 1972.
The technology invented by Sir Godfrey
Hounsfield [4] (an engineer at the Central
Research Laboratories, EMI, England) was the
single most important development in neuro-
radiology.
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Fig. 2.1. Lateral radiograph of the lumbosacral junction. Defect
in the pars interarticularis of L5 is clearly shown (arrow).

There have been great improvements since
the early machines, with excellent resolution
and very fast scanning times, making it possible
to scan a head in a few seconds. Although MRI
is superior in the investigation of most neuro-
logical and spinal diseases, CT scanners are both
readily available in virtually all hospitals and
very cost effective, so they are widely used as the
workhorse of neuroimaging. CT remains the
foremost imaging modality in the emergency
situation. This applies particularly to trauma,
where intracranial hematoma can be rapidly
assessed in the unstable patient and where, in
the case of polytrauma, other areas such as the
cervical spine or abdomen can be scanned. CT
is superior to MRI in the visualization of calci-
fication, bone detail and acute hemorrhage.

The CT appearances of hematoma are well
recognized in the acute phase, being of higher
attenuation than the adjacent brain. In hypera-
cute hematoma, areas of low density may be
seen consistent with active bleeding before a
clot has formed. The appearance of the
hematoma changes to become the same density
as brain and eventually lower (Table 2.1). This
typical evolution of hematoma can be altered by
clotting disorder, anticoagulation, low haem-
ocrit and anemia, when the acute hematoma can
be isodense with brain in 50% of cases [5].

The presence of fluid-fluid levels within an
extra-axial hematoma often represents acute
hemorrhage with a chronic bleed. Fluid levels
within a parenchymal hematoma are not only
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Table 2.1. (T appearances of hematoma (relative to brain)

R
N4

Phase Time Attenuation
Hyperacute Minutes to hours Hyperdense with
hypodense areas
Acute Hours to 1 week Hyperdense
Subacute 1-6 weeks Isodense
Chronic >6 weeks Hypodense

seen in hemorrhagic tumors but also in any of
the many causes of cerebral hemorrhage.
Low-density extra-axial collections are not
necessarily hematomas. Empyemas are low den-
sity with mass effect and, when subdural, may
expand the interhemispheric fissure (Fig. 2.2).
Often the patient is more clinically unwell than
would be suggested by the size of the collection.
Intravenous contrast typically causes enhance-
ment of a surrounding membrane, which may
aid diagnosis. Contrast medium is used rou-
tinely in CT scanning, particularly if there is a
possibility of infection, tumor or vascular lesion.
Unnecessary use should be avoided, e.g. in acute
trauma or hydrocephalus, as there is a risk of
serious reaction in 1 in 2,500 injections [6].
When subarachnoid hemorrhage (SAH)
mixes with CSF, the attenuation of the hema-

Fig. 2.2. (T scan post iv. contrast. Low-density subdural
collection with mass effect. Note fluid in the interhemispheric
fissure, which suggests a subdural empyema. This is complicated
by a sagittal sinus thrombosis (arrow points to the delta sign).

toma is reduced, becoming the same as brain.
Therefore smaller SAHs will be subtle with
apparent effacement of sulci and cisterns - an
appearance that should not be mistaken for
brain swelling. CT will detect 95% of SAHs within
24 hours of the ictus. A reliable indirect sign is
the presence of mild hydrocephalus. After 1
week, CT is much less reliable as the density of
the hematoma is significantly reduced.

Current CT scanners use multislice techniques
of acquisition, allowing greater coverage in
shorter times. This reduces any movement arti-
fact and facilitates CT angiography as a signi-
ficant length of vessel can be scanned while the
bolus of contrast medium passes through. Refor-
mation of the scans can be performed in several
ways, such as multi-planar reconstructions, max-
imum intensity projections, volume-rendered
images or even “fly through” endoluminal views.
CT angiography (CTA) has been used to demon-
strate carotid artery disease, intracranial vascular
anatomy, including arteriovenous malforma-
tions (AVMs), and aneurysms [7] and is now
frequently used as a first investigation of SAH.
The three-dimensional images obtained can be
used to decide between an endovascular or open
neurosurgical operation on an aneurysm. It is
useful in the emergency situation when a large
hematoma has been demonstrated and when
there is a suspicion of an underlying vascular
lesion. CTA in this situation may demonstrate an
underlying aneurysm, enabling the patient to
proceed rapidly to evacuation of the clot and
clipping of the aneurysm without the delay of
organizing a formal angiogram.

CTA requires the administration of iodinated
contrast media and also for the patient to lie
very still during the scan time of approximately
30 seconds.

A large aneurysm may be apparent on the
initial CT scan as blood within the aneurysm
is less dense than the surrounding hematoma
(Fig. 2.3).



Fig. 2.3. (T scan demonstrating extensive subarachnoid
hematoma with the lower density aneurysm lumen visible
(arrow).

The ability of CT to detect subtle calcification
and show excellent bone detail highlights its use
as an adjunct to MRI. Detection of calcification
within a tumor may aid the differential diagno-
sis. Subtle calcification may not be apparent on
an MR scan but is obvious on a CT scan, which
may lead to the diagnosis of tuberous sclerosis
in the investigation of epilepsy. Skull base detail
is very well shown on a CT scan and is comple-
mentary to MRI in fully defining complex
lesions of this region. This ability to define bone
detail is also very useful in spinal imaging, par-
ticularly in trauma, to define and classify frac-
tures. Reconstruction of data into sagittal and
coronal planes is easily achieved and adds
essential information on alignment and extent
of abnormality.

Magnetic Resonance
Imaging

The principles of nuclear magnetic resonance
were first described in the 1930s by C.J. Gorter
and used extensively as spectroscopy to study
physical and chemical properties of matter. It
was not until the late 1970s that images of
human anatomy were produced and the tech-
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nique became known as “magnetic resonance
imaging”. Extensive development has enabled
MRI to become the investigation of choice for
most neuroradiological imaging.

The quantum mechanics and mathematics
that attempt to explain MRI are beyond this
author and are not required for image interpre-
tation. An understanding of the simplified prin-
ciples and the various sequences produced is
necessary [2, 8].

From a practical view of image interpretation,
we need to know what is white, black or gray on
a particular MR sequence. These are summa-
rized in Table 2.2. Fat, very proteinaceous
tissues, certain degradation products of hemor-
rhage, and gadolinium influence free protons to
produce high signal on T1 weighting. Gray and
white matter will be intermediate signal, but
white will be slightly higher signal because of its
increased fat content. Brain edema and most
pathologies will be intermediate signal, i.e. grey,
and CSF will be black.

On T2 weighting, CSF is high signal and gray
matter is higher signal than white matter. Air
and cortical bone are very low signal owing to
the small amount of free protons in these.
Arterial blood flow and certain venous flow will
present no signal (flow void) on standard spin-
echo sequences. Most pathologies will be high
signal, as are certain hemorrhagic breakdown
products. So most tumors will be high signal on
T2 weighting and low on T1, although atypical
patterns of signal can help to characterize
certain tumors (Fig. 2.4).

Routine scanning with MRI usually involves
T1- and T2-weighted sequences in at least two
planes. The weighting can be gained by various
scanning techniques, including conventional
spin echo (CSE), fast spin echo (FSE) and
gradient echo (GE). Acquisitions can be
acquired in two- or three-dimensional modes.
Very fast scanning is possible with techniques
such as echo-planar imaging (EPI) or half-
Fourier acquisition single-shot turbo spin-echo
(“HASTE”), although they may be limited by
artifact and poor signal-to-noise ratio. Special
sequences can be used to suppress fat, such as in
“STIR” (short tau inversion recovery), which is
useful for skull base and orbital imaging, and to
suppress CSF, as in “FLAIR” (fluid-attenuated
inversion recovery), which increases the con-
spicuity of lesions at brain-CSF interfaces. More
recently, specialized applications of MR scan-
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Table 2.2. Signal intensity on MRI

Substance On T1 weighting On T2 weighting
Water Black White
Fat White Gray/white
White matter Gray Gray/black
Gray matter Gray/black Gray/white
Bone
Cortex Black Black
Marrow White Gray/white
Calcification Gray/white Black
Intervertebral disk Gray White
Air Black Black
Hematoma See Table 2.3
Most pathology Gray/black White

Signal intensity (SI) dictates appearance on a gray scale. High signal is white; low signal is black. Substance is often compared to the St of gray

matter.

ning include: functional (f)MRI [9], MR spec-
troscopy (MRS) [10], MR-guided therapy
(MRT) [11], and perfusion and diffusion MRI
[12].

Use of Contrast Media

Gadolinium, a rare earth metal, is used fre-
quently in MRI. The paramagnetic properties
of gadolinium affect free protons and hence
shorten T1-weighted signal. It is not the gado-
linium that is being visualized but its effect
on free protons. Where there are increased
concentrations of gadolinium, this will result in
high signal, i.e. enhancement, on T1 weighting.
It highlights areas of blood-brain barrier break-
down, areas of inflammation and increased
vascularity. Marked enhancement is visible
normally in the pituitary, the choroid plexus,
the nasal mucosa and turbinates, and in slow-
flowing blood in vessels. Contrast enhancement
is used frequently to improve detection and def-
inition of tumors, infection, meningeal disease,
vascular disease and the “post-operative spine”.
Gadolinium is an extremely safe substance and
has been used in millions of cases worldwide
with side-effects that are less common and less
severe than with the iodinated contrast media
used in CT.

MRI of Intracranial
Hemorrhage

The appearances of hemorrhage on MRI
demonstrate the possible permutations of signal

Fig. 2.4 a-b MRI scan for severe intermittent headaches. a
Sagittal T1 with a high-signal mass in the region of the foramen
of Monro. b Coronal FSE T2, with a low-signal mass. The position
and signal changes are characteristic of a colloid cyst.



pattern, making its more detailed explanation
worthwhile as a model for understanding the
principles of MR signal characteristics (Table
2.3). These are affected by many factors both
intrinsic to the hemorrhage and related to MR
scanning. Operator-dependent factors include
strength of magnet, pulse sequence (e.g. SE, GE,
EPJ, etc.) and parameters set, such as the repe-
tition time (TR) and the echo time (TE).
Intrinsic factors are multifactorial but the
hemoglobin oxidation state and red cell mor-
phology are the most important.

Parenchymal Hematomas

Hyperacute Stage

Within minutes of the hemorrhage, intact red
cells will contain oxyhemogloblin and there will
be protein-rich serum and platelets. The
appearances are non-specific and virtually
indistinguishable from any brain lesion that
causes increased water content of the brain, i.e.
white on T2 and gray/black on T1.

Acute Stage

Within the first few hours, deoxyhemoglobin is
formed, which is paramagnetic. This particu-
larly affects the T2 relaxation, resulting in
marked reduction in signal (black) on T2
weighting, but has little effect on T1. The low
signal is accentuated on GE sequences because
of the susceptibility effect.

Subacute Stage

After several days, methemoglobin forms,
which is initially intracellular and gives rise to
high signal on T1 weighting but remains low on
T2. As the cells hemolyze, extracellular methe-
moglobin accumulates in the hematoma, which

Table 2.3. Evolution of hematoma
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is very high signal on both T1- and T2-weighted
images. Throughout these stages there will be an
admixture of products present. In large
hematomas, the center will be hypoxic, delaying
hemoglobin desaturation. High signal occurs
from the outside of the hematoma and pro-
gresses inwards with time (Fig. 2.5a, b).

Chronic Stage

Edema and mass effect will disappear and the
end-stage products of ferritin and hemosiderin
form, which are very low on T2 weighting, par-
ticularly GE T2. Macrophages laden with these
iron storage products will remain for years in
the wall of the old hematoma.

Extra-axial Hemorrhage

Acute subarachnoid hemorrhage can be impos-
sible to differentiate from normal CSF on MRI,
and CT remains the imaging modality of choice,
particularly if the hematoma is only small and
not focal. Sensitivity of MRI can be improved by
use of FLAIR sequence, particularly if the diag-
nosis has been delayed, when the CT scan is
more likely to be negative. An MR angiogram
can be performed whilst the patient is in the
scanner.

Extradural and subdural hematomas are very
well demonstrated on MRI. Small collections
over the surface of the brain and tentorium will
be better demonstrated in the coronal plane.
The evolving hematoma signal patterns are
similar to those of parenchymal hematomas
except in the chronic stages, as hemosiderin is
not stored. The collection becomes similar to
CSF on routine T1 and T2 weighting but
remains high signal on proton-density and

Phase Time Hb Product T T2
weighted weighted

Hyperacute 0-12h Oxy Hb Gray White
Acute 2-36h Deoxy Hb Gray Black
Early Intracellular
subacute 2-7 days met Hb White Black
Late Extracellular
subacute 3-14 days met Hb White White
Chronic Weeks to Hemosiderin

years Ferritin Gray Very black
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Fig. 2.5. a—b Severe headaches 2 weeks previously, with cere-
bellar signs. Subacute hematoma is shown with high signal on
the T1- and T2-weighted images. a Sagittal T1. b Transverse T2.

FLAIR sequence (Fig. 2.6). Re-bleeding into an
old collection produces characteristic appear-
ances, with loculated areas of different signal
and fluid-fluid levels.

The ability of MRI to stage different ages of
subdural hematoma has an important role in
the diagnosis of child abuse [13].

One recurring question concerning intracra-
nial, and particularly parenchymal, hematomas

is: “What is the underlying cause?”. Paren-
chymal hematomas occurring anywhere near
the major intracranial arteries can be due to
aneurysmal bleed. This is particularly seen with
middle cerebral artery aneurysms, which can
bleed into the adjacent temporal lobe, produc-
ing large hematomas and often surprisingly
little SAH. Angiography should be considered
for all patients without a clear cause of hemor-
rhage and who are surgical candidates, particu-
larly young, normotensive patients [14]. Older,
hypertensive patients with a hemorrhage in the
basal ganglia, thalamus, cerebellum or brain-
stem do not need to undergo angiography [15].
In a young adult who has negative investiga-
tions, drug abuse should then be suspected [5].

MRI is particularly helpful in the diagnosis of
hemorrhagic tumor. Although there are no
absolute criteria, features such as enhancement
with gadolinium, marked heterogeneity of
signal, and extent of edema are characteristic of
tumor. Multiplicity of lesions is not always
helpful as cavernous hemangiomas are multiple
in 30% of cases (Fig. 2.7). Delayed scanning will
be definitive with persisting edema, delayed and
very heterogeneous evolution of the hemoglo-
bin breakdown products being diagnostic of
tumor. Hemorrhage tends to occur in the more
aggressive tumors, such as glioblastoma multi-
forme, primitive neuroectodermal tumors,
ependymomas, oligodendrogliomas and vascu-
lar metastases (most commonly from lung or
renal primary tumors or malignant melanoma).
An exception to these is pituitary adenomas,
with hemorrhage occurring in up to 27% of
cases, and many of these will have no clinical
features of pituitary apoplexy [16].

Safety Issues of MRI

There are several potential problems with MRI
and patient safety, namely the high magnetic
field, the radio frequency pulses, the gradient
coils and the size of the magnetic bore. Many
studies have been performed to investigate the
biological effects of MRI, but no biological risk
has been found with MR scanners in clinical use.
Even so, routine MRI is not performed during
the first trimester of pregnancy, but if clinical
urgency dictates, it would be used in preference
to imaging modalities that use ionizing radia-
tion. Acoustic noise produced by the gradient
coils can be a problem, particularly with certain
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types of sequence, and routine use of earplugs
is advisable.

Of most concern regarding patient safety is
the presence of metallic implants, materials and
foreign bodies. Listed in Table 2.4 are some of
the more common contraindications to MRI.

All patients should complete a questionnaire
to exclude these contraindications before enter-
ing the MR scan room. This may not be possi-
ble with the confused and unconscious patient,

TUMOR NEUROSURGERY

Fig. 2.6. a—¢ MRI of chronic subdural hematoma. a T1: low
signal. b T2: high signal. ¢ Proton density sequence:
collection is high signal but note low signal of CSF.

when it becomes the responsibility of the
attending doctor.

The final problem is the size of the magnet
bore, which results in significant claustrophobia
and anxiety in 5% of patients. Some patients
will require sedation, but once inside the
scanner, direct observation is not possible
and MRI-compatible monitoring equipment is
required. Ferro-magnetic objects of certain
types should not be brought into the MRI
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Fig. 2.7. a-b Multiple cavernous hemangiomas. a Coronal T1 -
subtle lesion in the temporal lobe (arrow). b Gradient echo T2.
This sequence accentuates the low signal produced by calcium
and hemosiderin, demonstrating multiple lesions.

room as they can be rapidly projected into the
scanner with the possibility of injury to any
adjacent personnel.

A comprehensive list of metallic implants,
devices and materials tested for MR safety is
listed in Shellock and Kanal’s book [17] and up-
to-date information is available on the Internet
at www. radiology.upmc.edu/mrsafety.

Magnetic Resonance
Angiography

Magnetic resonance angiography (MRA) is per-
formed using special sequences based on GE
techniques. These sequences produce signal in
flowing blood that can be distinguished from
adjacent stationary tissue. The basic concepts
involve either time of flight (TOF) or phase con-
trast (PC) techniques. With the TOF technique,
stationary tissue is saturated with multiple
radio-frequency pulses. The free protons within
blood are unsaturated so can be excited and give
back signal, i.e. appear white on the scan against
a black background. PC techniques rely on
change in phase of the transverse spin magne-
tization that occurs in moving protons (i.e.
within moving blood) within the magnetic field.
The TOF technique is more generally used as
it produces better spatial resolution and is more
easily obtained than the PC technique, which is
reserved for special applications such as assess-
ment of velocities of flow and CSF flow studies.
The PC technique is also helpful if there is a
large amount of hematoma present as high
signal from hematoma can interfere with the
TOF images and obscure subtle pathology.
Once the acquisition has been performed, the
“raw data” are processed by maximum intensity
projection techniques, which pick out the high
signal in the section (i.e. the flowing blood) and
reconstruct it into an image that is similar to

Table 2.4. Some contraindications to MRI (see reference 17 for complete list)

Cardiac pacemakers
Neurostimulators
Intracranial aneurysm clip

Artificial heart valves, e. 9. Starr—Edwads vatve

Cochlear implants
Shrapnel

rf close to vascu!ar structure



conventional angiography. Reconstruction in
multiple planes can be produced and viewed
through 360°. Other reconstruction techniques,
such as multiple projection reconstruction and
volume-rendered or endoluminal views, may be
helpful in assessing complex vascular anatomy.

The use of gadolinium enhancement can
reduce scanning time and is particularly useful
where small vessels are being studied, e.g.
spinal MRA. The patient does need to be coop-
erative and still for up to 10 minutes. This, and
the noisy environment, mean that it is not ideal
in the investigation of SAH, when CTA is
quicker. Arterial digital subtraction angio-
graphy (DSA) remains the gold standard for
angiography.

MRA is most useful in the detection and eval-
uation of aneurysms that have no history of
SAH or where there has been a significant delay
in the diagnosis. Standard MR sequences are
also performed at the time of the examination
as aneurysms may be seen as low signal.
Aneurysms as small as 2 mm can be shown
but an accuracy of at least 80% is seen for
aneurysms of 5 mm and larger. Aneurysms that
present with mass effect and cranial nerve palsy
can be very accurately demonstrated (or
excluded) by MRI with MRA. The non-invasive
nature of MRA makes it very attractive as a
screening test for aneurysms. This may be
desirable in certain high-risk groups such as
polycystic kidney disease or familial aneurysm
disease. The implications of aneurysm screen-
ing for an incidental aneurysm have to be
carefully discussed with the patient. Recent evi-
dence suggests a much lower risk of hemorrhage
(0.05%/year in small aneurysms) than have
previous studies and also a higher morbidity/
mortality (up to 14%) for surgical treatment
(18].

Follow-up of aneurysm after endovascular
treatment may be performed with MRA. MRA
can be helpful in the evaluation of AVMs, par-
ticularly when combined with standard MRI.
Exact anatomical location and size of the AVM
can be obtained from conventional spin-echo
techniques, which greatly help management
decisions about the possible permutations of
surgery, radiosurgery and endovascular treat-
ment.

Vascular stenosis, particularly of the carotid
bifurcation, can be assessed by MRA usually as
a confirmatory test following ultrasound.
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Catheter Angiography

Catheter angiography has been the investigation
that is definitive of a neuroradiologist. Whilst it
is an invasive technique with significant com-
plications, cerebral angiography has become
progressively safer owing to DSA, non-ionic
contrast media and improved catheters and
guide wires.

Technique

The right femoral artery is punctured using the
Seldinger technique. The catheter can then be
advanced up to the aortic arch and then selec-
tively into the required artery. The catheters are
usually 4F or 5F in size and pre-shaped to facil-
itate selective catheterization. Once in position
in the desired artery, the formal DSA is under-
taken with the contrast injection by hand or
mechanical pump [19]. Multiple projections
are used to demonstrate the vasculature and
images are obtained as far as the venous phase
in several planes. Commonly, the internal
carotid circulation is studied in lateral, postero-
anterior 20° and oblique projection, e.g. 30°
cranio-caudal, 30° lateral (Fig. 2.8a, b, ).
The posterior circulation is studied in lateral
and Townes’ projection (30° fronto-occipital).
Numerous supplementary projections can be
performed according to which vessel is to be
demonstrated. This is particularly important in
the demonstration of aneurysms where a clear
demonstration of the neck of the aneurysm is
required, especially if endovascular treatment is
to be considered. When available, three-dimen-
sional angiography simplifies and improves the
definition of this anatomy. In the study of SAH,
all vessels need to be studied as multiple
aneurysms are reported in up to 45% of cases.
Reflux down a contralateral vertebral artery will
often demonstrate the posterior inferior cere-
bellar artery (PICA) so that formal four-vessel
angiography is not always necessary.

Complications

Local complications occur in about 5% of cases
and range from self-limiting hematoma to fatal
retroperitoneal hematoma. Vessel injury can
result in pseudo-aneurysm, arteriovenous
fistula and distal emboli.
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Systemic complications are related to the
contrast media or, very occasionally, to local
anesthetics and sedation. Contrast media reac-
tions are common to all radiological procedures
using iodinated contrast. The risk is increased
by history of previous reaction and in asthma
sufferers, where the risk of severe reaction is
about 0.2%.

Neurological complications range from
headache to disabling stroke or death. The risks
are increased in the older population (over 50
years), particularly if there is atherosclerosis,
vasculitis or sickle cell disease. The patient

"

Fig. 2.8. a-c Internal carotid injection. a PA projection.
b Oblique projection, 30° in both planes. ¢ Lateral projection.

needs to have consented to the procedure in the
knowledge of these risks and a reasonable level
of risk to quote is 1% for transient neurological
deficit, permanent deficit 0.5% and death 0.1%
[20].

Current Indications

Cerebral DSA remains the investigation of
choice in a number of conditions despite
improvements in Doppler ultrasound, MRA and
CTA. The most common reason for its use is in
the investigation of SAH, where DSA remains
the gold standard. Even with good-quality
angiography, in up to 20% of patients with SAH,
no abnormality will be found and repeat angiog-
raphy may be required. The peri-mesencephalic
pattern of SAH is well recognized [21] in angio-
graphically negative patients. The clinical course
of these patients appears to be different from
that of aneurysmal SAH. Such patients often
appear “too well” to have had a SAH and clinical
outcome is typically excellent. Even so, this pat-
tern of hematoma is seen with CT in 10% of pos-
terior fossa aneurysms. The PICA aneurysm can
be missed if both distal vertebral arteries
are not satisfactorily demonstrated by reflux
or selective catheterization of both vertebral



arteries. As with other aneurysms, there are pat-
terns of hematoma on the CT scan that point to
a PICA aneurysm. Intraventricular hemorrhage
and hydrocephalus are seen in 93% of cases, and
posterior fossa SAH - with or without supraten-
torial SAH - is seen in 95% of cases.

Whilst there are some advocates of repeat
angiography in all angiographically negative
SAH, others suggest that it is not necessary
in technically good, carefully evaluated angio-
grams. A pragmatic approach to this problem is
to perform MRI in negative cases; this can reveal
abnormalities in 14% of patients. MRA can be
performed at the same time. Repeat angiogra-
phy is reserved for cases where severe spasm,
large focal hematoma or brain edema could
have obscured the aneurysm or vascular mal-
formation, particularly if the pattern of blood on
the CT scan points to a particular site. In
patients with repeated SAH and negative inves-
tigations, it is worth considering a spinal cause
of the SAH as this has been reported with spinal
tumors or vascular malformations.

If multiple aneurysms are detected, it is
important to decide which has bled. There may
be clues on the CT scan such as surrounding
hematoma giving rise to a filling defect or local-
ized SAH. The larger aneurysm, the irregular
lobulated configuration, and localized spasm
may point towards the aneurysm that has bled.
If distinction is not possible, then multiple
aneurysms will need protecting at the same
operation.

Other indications for angiography include:
assessment of aneurysms (e.g.fusiform, dissect-
ing, mycotic, giant) that have not presented with
SAH; assessment of AVMs and other vascular
lesions, such as carotico-cavernous fistula or
dural fistula; demonstration of tumor vascular-
ity, particularly if pre-operative embolization is
being considered; and investigation of various
cerebrovascular disorders, such as vasculitis.

The final indication is to diagnose accurately
the degree of stenosis of cervico-cranial athero-
sclerotic disease. Initial screening and investi-
gation of this should be non-invasive with a
combination of ultrasound, MRA and CTA,
dependent on local expertise and availability.
Angiography should be reserved for patients
where the non-invasive investigations indicate
stenosis on the borderline between surgical or
conservative treatment, as complications of
angiography are undoubtedly higher in athero-
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sclerotic patients. Consideration should be
given to non-selective aortic arch angiography,
which may well produce adequate diagnostic
information, particularly in conjunction with
the findings of other imaging modalities.

Myelography

Myelography is still used to assess the contents
of the thecal sac and any abnormal or extrinsic
impressions. It is now reserved for patients who
are unable to undergo MRI because of a non-
compatible implant, such as a pacemaker, or
where metallic spinal instrumentation causes
severe local artifact, making MRI of the region
uninterpretable.

Typically, a total of 3 g of non-ionic iodinated
contrast medium is introduced by lumbar punc-
ture before various radiographic projections are
taken. Further information is often obtained by
CT, particularly to delineate the extent of a
spinal block or provide more detail of the exit
foramen.

Myelography is unpleasant for the patient,
with minor side-effects (eg. headache) occur-
ring frequently. Small needle size (25 g) and
pencil shape (Sprotte needle) significantly
reduce these complications. More serious com-
plications of chemical meningitis, seizures and
neurological deficit are now very rare with
modern non-ionic contrast media.

It is doubtful if myelography is ever indicated
when MRI can be used. Myelography has been
a sensitive method of determining the presence
of a spinal dural arteriovenous fistula (AVEF),
and a technically adequate normal myelogram
is said to exclude an AVF and make spinal
angiography unnecessary. Advances in MRI,
notably linear-array surface coils and the use of
gadolinium, have replaced myelography in this
condition. The prominent draining vein of the
AVF is enhanced with contrast on T1-weighted
images and is seen as low signal on spin-echo
T2 weighting. It remains true that if myelogra-
phy or MRI raises the suspicion of a spinal AVF,
then formal spinal angiography becomes neces-
sary. This is a complex and time-consuming
procedure that requires selective catheteriza-
tion of all prospective feeding vessels to the
spinal cord and canal.
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Nuclear Medicine

Nuclear medicine is used to look at function,
physiology and metabolism, and the images are
generally of a low spatial resolution. Radioactive
elements such as technetium (Tc¢), which decay
to produce gamma-rays, are used. They are
labeled to pharmaceutical compounds (e.g.
hexamethyl propylene amine oxime, HMPAO),
enabling them to enter appropriate body com-
partments. The radiopharmaceutical can be
introduced into the body and the gamma-rays
(photons) can be externally recorded to produce
an emission image. The recorded image can be
a planar single-photon image or it can be pro-
duced using single-photon emission computed
tomography (SPECT) or positron emission
tomography (PET).

PET and SPECT are used to create cross-sec-
tional functional images of the brain. SPECT,
which is available in all nuclear medicine depart-
ments, can be used to study changes in regional
blood flow in the brain. It has been used in the
investigation of dementia, where changes in
regional blood flow can differentiate between
multi-infarction dementia and Alzheimer’s dis-
ease. It is helpful when considering surgery for
intractable complex partial seizure disorder, giv-
ing further weight to structural information con-
cerning mesial temporal sclerosis seen on MRI.

PET radiopharmaceuticals are very short
lived, requiring close proximity to a cyclotron.
Installation and maintenance costs are very
high, severely restricting their availability in
many countries. PET can produce unique infor-
mation concerning regional utilization of
glucose metabolism as well as oxygen, or even
fatty acid, metabolism or neurotransmitter
receptor densities. It is mainly a research tool
for neurophysiology and neuropharmacology.
In a clinical context, it is used to help differen-
tiate recurrent tumor from radiation necrosis
and in assessing tumor response to therapy, but
has a low accuracy. Applications in the study of
psychiatric disease, movement disorders and
epilepsy, to name but a few, are reported [22].
To some extent, the rapid developments in MRI
have overtaken these applications of a very
expensive technique.

Applications of conventional nuclear brain
scans, such as diagnosis of cerebral infarction
or subdural hematoma, are now historical.

CSF rhinorrhea or otorrhea can be investigated
with nuclear medicine but CT cisternography
(Fig. 2.9), or even MR cisternography [23], are
now advocated by many neuroradiologists.

Ultrasound

Ultrasound is a relatively cheap, portable and
safe technology. Sound-wave reflection takes
place at tissue interfaces within the body, and
the depth of reflection is determined by the time
taken for the echo to return to the crystal.
Tissues with a very high acoustic impedance,
such as bone, reflect almost all of the sound
waves, producing an acoustic shadow and effec-
tively no useful image in the distal field. This is
clearly of paramount importance in neuro-
surgery when imaging the brain and spine.

Some of the most important applications of
ultrasound within neurosurgery are described
below.

Transcranial Ultrasound in
the Neonate

The first real-time images of the neonatal brain
were obtained through the anterior fontanelle of
a newborn infant in 1979. The rate of subse-
quent development has been exponential, with
high-quality machines and high-frequency
small footprint transducers now able to produce
extremely high resolution images of both the
normal and abnormal neonatal brain. Doppler
studies of the cerebral vasculature allow physi-
ological monitoring of both the normal and
abnormal brain with analysis of birth asphyxia,
pre-term brain injury and hydrocephalus.
Vascular lesions are common in the brains of
immature neonates - so frequently seen on
special-care baby units. Subependymal germi-
nal matrix hemorrhage can be reliably demon-
strated, as can any subsequent intraventricular
or parenchymal extension. The ischemic lesions
of periventricular leukomalacia may also be rec-
ognized and are important in the differential
diagnosis of brain injury. In the mature infant,
extra- and intracerebral hemorrhage may result
from both traumatic and other pathology and
may again be diagnosed with ultrasound.
Ultrasound is the first investigation of choice
in a neonate with an enlarging head and will reli-
ably diagnose ventriculomegaly and, frequently,
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Fig. 2.9. a-b CSF rhinorrhea following head injury. CT scan post
installation of contrast medium by lumbar puncture. a Direct
coronal CT scan demonstrating defect in the anterior cranial
fossa filling with contrast media (arrow). b Rhinorrhea with a
droplet of radiopaque contrast medium (arrow).

its cause (Fig. 2.10). Differentiation must be
made between raised intracranial pressure and
cerebral atrophy. Ultrasound may guide neuro-
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Fig. 2.10. Ultrasound scan of premature neonate, showing
marked hydrocephalus with intraventricular hematoma (arrow).

surgical shunting procedures, while also moni-
toring subsequent progress.

Carotid Ultrasound

Multicenter, randomized clinical trials of
carotid endarterectomy have shown that the
operation significantly reduces the risk of stroke
in patients with severe (>70%) internal carotid
artery stenosis [24].

Whilst angiography is accepted as the “gold
standard” modality for diagnosing a significant
stenosis, carotid duplex imaging, in conjunction
with color and power imaging, is now recog-
nized as the better initial test and often the
only test necessary. Not only does ultrasound
have the great advantage of being non-invasive,
but it is also in general the most cost effective
of the possible relevant investigations. Ultra-
sound has been shown to be very accurate in
assessing the degree of stenosis, as assessed by
pathological review of endarterectomy speci-
mens, although it must be noted that the degree
of operator skill is of crucial importance.
Angiography is required where the duplex
study is equivocal or if there is any doubt
about total vessel occlusion.
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Miscellaneous

Intraoperative ultrasound (IOUS) may be used
as a guide in both brain and spinal surgery. In
the spine, ultrasound may be used to guide the
approach to a tumor, reducing the extent of
the laminectomy and dural opening. With
intramedullary tumors, the extent of the poste-
rior myelotomy can be defined, together with
the presence of syringomyelic cavities and deep
tumor extension {25]. In some cases there may
be pointers to a histological diagnosis and,
where indicated, ultrasonic-guided aspiration
and biopsy can be performed. Similarly, IOUS
is well able to localize and define the margins of
both superficial and deep intracranial tumors,
and can subsequently accurately determine the
extent of resection.

Finally, IOUS may be of use in the evaluation
of both the brain and spinal cord in trauma
patients. Localization of hematomas, bone frag-
ments and foreign bodies is possible and ultra-
sound may subsequently provide dynamic
guidance to facilitate their removal.

Conclusions

The future of neuroradiology will see further
development of MRI so that it becomes the
central, and often only, diagnostic tool needed.
MRA and CTA will replace diagnostic angiogra-
phy. Functional and physiological data will be
routinely available although newer techniques,
such as magnetoencephalography, may have a
limited role in complementing MRI. CT scan-
ning will remain important and even myelogra-
phy will have a limited role. The neuro-
radiologist will remain central, being the inter-
face between the application and interpretation
of these sophisticated technologies and the clin-
ical problems of the patient.

Self-assessment

[0 What are the features of a subdural empyema
on a CT scan?

00 What are the MRI appearances of an acute
parenchymal hematoma?

O What are the common hemorrhagic tumors
of the brain and what are their characteristic
features on MRI?

TN

Qed
N4\

[J What are the complications of cerebral
angiography?

[0 A patient presenting with subarachnoid
hemorrhage is found to have multiple

aneurysms. How do you decide which has
bled?
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Summary

The history of Neuropathology is inseparable
from that of Neurosurgery. Since the creation
of Cushing’s Tumor Registry, it has been
apparent that neurosurgeons should under-
stand the elements of diagnostic neuro-
pathology. Over the past few decades, there
have been extensive developments in histo-
logic tools requiring lengthy specialized
training for neuropathologists. The new
diagnostic imaging techniques enable clini-
cians to discover and locate numerous
lesions other than tumors and abscesses. The
imaging advances also allow the evolution of
the lesions to be studied. This chapter focuses
on the neuropathologic approaches that
neurosurgical trainees should understand.
The following three questions should be
answered, (1) How is histo-pathologic diag-
nosis made? (2) How can one understand the
changing diagnostic terminology? (3) What
are the limitations of histopathologic diagno-
sis of surgical specimens?

When the young Harvey Cushing arrived at
Johns Hopkins Hospital as an assistant resident
in William Halsted’s Surgical Service, he knew
very little about pathology and bacteriology.
However, it was the responsibility of the house
officers to carry out all of the clinical bacterio-
logical and pathological studies for every
patient under their charge. Years later, Cushing

wrote that he owed to this system what little he
knew of histological pathology and admitted
that his early bacteriological studies, some of
which got into print, would otherwise never
have been made.

In the early 1900s, Cushing operated unsuc-
cessfully on a 14-year-old girl who presented
with headache, failing vision, obesity and lack
of secondary sexual development. The patient
died several days after examination of the pos-
terior cranial fossa followed by occipital explo-
ration and decompression. Autopsy showed a
large pituitary cyst, which William Welch called
a “teratoma”, but which was probably a
“Rathke’s cleft cyst” in today’s terminology. The
importance of this case was not fully appreci-
ated until several years later, when Cushing
asked the pathology department for the tissue;
it could not be found. From then on, Cushing
was insistent that he should be responsible for
the pathological study of all specimens from the
patients under his care. His insistence rightfully
caused some difficulties with his colleagues but
was granted because he was fortunate to have
understanding friends, such as William Welch
and W.G. MacCallum. After he moved to
Harvard, he made a similar request and more
difficulties were encountered, but he was
unyielding. His insistence resulted in the devel-
opment of his own neuropathological labora-
tory under the supervision of Percival Bailey,
who had had unusual training in the techniques
of the microscopic study of the nervous system.
The renowned “Cushing Tumor Registry”, a
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historical collection of more than 2,000 cases
of verified brain tumors, was thus founded.
Through the study of this collection, a classifi-
cation of brain tumors based on histogenesis
was made by Bailey and Cushing [1, 2] - the
forerunner of many subsequent and continu-
ously revised classifications of brain tumors.

Cushing and his associates were fortunate
because the basic histological techniques were
already well developed and the repertoire of
neuropathological lesions was limited in those
days to expanding lesions, such as tumors and
abscesses in the central nervous system (CNS).
Thus, neurosurgeons were able to undertake
pathological studies of the specimens they dug
out between their busy clinical and surgical
schedules. However, the extensive develop-
ments of new techniques in neurosurgery,
neuroradiology and neuropathology over the
past few decades make it extremely difficult
today for neurosurgeons to assume such
studies. The new histological tools include
immunocytochemistry and molecular biology,
as well as numerous tinctorial staining tech-
niques, and require an expensive set-up for
laboratories and lengthy specialized training
for neuropathologists. Furthermore, the new
diagnostic imaging techniques enable clinicians
today to discover and locate numerous lesions
other than tumors and abscesses. As a result, the
repertoire for neuropathologists has expanded
enormously to include many exotic lesions that
were hitherto unknown in surgical pathology.
The ability to visualize small millimeter-size
lesions under sophisticated diagnostic imaging
and by stereotactic biopsy now forces neuro-
pathologists to make more and more diagnoses
from smaller and smaller specimens, including
those that look much larger to the neuro-
surgeon, who removes them under open micro-
scopic control!

Cushing was able to follow up his patients
by requesting them to write to him every year
on the anniversary of their operation. By this
system he was able to collect data concerning
the end results of his operations, ultimately to
learn the probable life expectancy of patients
with any particular type of tumor. Today, serial
imagings give an advantage to the clinician,
enabling them to follow the patients post-
operatively, to visualize the subsequent evolu-
tion of the lesion, to disclose signs of recurrence
at an early stage, and even to calculate the
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growth rate of tumors. The data collected by
Cushing and his followers concerning the life
expectancy of brain tumors prior to CT-MRI
(computed tomography/magnetic resonance
imaging) days, however, should be readjusted
for today’s statistics. The neurosurgeons then
were operating on brain tumors that had
become so large as to produce papilledema
and other signs that increased the morbidity
and mortality of those patients. Today’s patients
are typically operated on after their first seizure,
the lesion visualized via CT-MRI. The tumors
now are relatively small, sometimes even found
incidentally after a head injury, and one would
expect the life expectancy of each particular
patient to be much longer than that suggested
by the data collected in the early days. The fact
that the survival period of the patients can be
improved by finding diseases earlier is well
known as the “Will Rogers’ effect”: the “Okies”
who left Oklahoma for California increased the
IQ in both states! And all of this ignores the very
valuable contributions of the anesthesiologists,
nurses, rehabilitation and other personnel com-
prising today’s neurosurgical team.

As a side-product of CT-MRI, contemporary
neuropathologists are given many opportunities
to observe the histological sequences in the evo-
lution of tumors and the effects of radiation and
chemotherapy. Similarly, many non-neoplastic
lesions are seen, such as various stages of inflam-
matory processes, the early stages of active
demyelinating processes, embolized tumors and
vascular malformations, and numerous other
conditions, which used to be seen only at autopsy
and were never considered in the practice of
surgical neuropathology.

Thus, the history of neuropathology is
inseparable from that of neurosurgery, as if
the shadow follows the form. Neuropathology,
especially of tumors, was born within Cushing’s
neurosurgical kingdom by neurosurgeons. It
was fortunate for the future of neuropathology
that it was founded as a subspecialty of pathol-
ogy at the same time that neurosurgery was
established as a subspecialty of surgery. It
has become a tradition in the USA to require
trainees in neurosurgery to spend some months
in a neuropathology lab in order to learn the ele-
ments of diagnostic neuropathology. As it is not
possible for neurosurgical trainees to learn all
aspects of neuropathology during their short
rotation, we have tried to design some limited
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approaches that will be most beneficial for their
future practice of neurosurgery. It is our
opinion that the answers to the following three
questions should be emphasized:

How is a histopathological diagnosis made?

How can one understand the changing
diagnostic terminology?

What are the limitations of the histopatho-
logical diagnosis of surgical specimens?

1.Howisa
Histopathological
Diagnosis Made?

Neuropathology can frequently be used simply
to confirm or disprove a clinical diagnosis that
is made by clinicians based on the clinical pre-
sentation and on radiological and laboratory
findings. Owing to remarkable advances in
diagnostic techniques with high-tech equip-
ment and sophisticated laboratory assays, the
clinical diagnosis is probably correct in the great
majority of cases. MRI can easily demonstrate
neoplasms in the brain and spinal cord and can
differentiate extra- or intra-axial site, low or
high grade, with or without cyst, calcification
and hemorrhage. One can reach a fairly accu-
rate histopathological diagnosis of tumors
without a biopsy by combining these factors. Of
special note is the fact that MRI is especially
sensitive to water, which is notoriously difficult
for pathologists primarily because we extract all
of the water before embedding the tissue to be
stained!

However, there are still groups of pathologi-
cal processes in which the clinical data cannot
be so precise, especially in non-neoplastic
lesions, when histopathological study becomes
crucial. Students who are trained in particular
clinical skills tend to rely on their own clinical
experiences and can be prejudiced by their own
knowledge. They may be searching for only
those signs to support their clinical diagnosis
and may overlook other important evidence
leading to other diagnoses. On the other hand,
those who are trained in basic pathological skills
tend to rely on their primary trade and may be
caught not only on relatively insignificant arti-
facts but also on their lack of familiarity with

clinical signs and specific neuroanatomical
points.

In order to decrease such inevitable bias we
encourage students to study the surgical speci-
mens first without any prior demographic and
clinical information and to leave the clinico-
pathological correlation to later, when the final
diagnosis can be revised as appropriate. If
the histopathological findings were unique
and specific in each disease, one should be
able to make a diagnosis of a disease solely by
histopathological study with total objectivity.
Unfortunately, this has proven frequently not
to be the case. The definition of a disease is
often too arbitrary and there have been too
many diseases for the number of conceivable
pathogenetic reactions of human tissue.
Therefore, pathologists may not be able to form
a specific diagnosis when they examine the
specimen without other supportive informa-
tion, although they should be able to form a
group of diagnoses to be differentiated from
each other by more advanced techniques or by
other clinical information.

In order to be an unbiased observer, one
should not assume: (1) that all specimens are
pathological, or (2) that all surgical specimens
represent some kind of tumor. For those who
are not very familiar with histopathological
diagnoses, we recommend that they consider
the following questions when they confront an
unknown slide:

What is the origin of the tissue?
Is it normal or abnormal?
If abnormal, is the abnormality specific or
non-specific?
If specific, to which of the following cate-
gories does it belong:
Developmental anomalies?
Inflammatory processes?
Vascular diseases?
Degenerative diseases?
Traumatic lesions?
Neoplasms?
If it belongs to one of the above processes,
can you narrow your diagnosis more specif-
ically as to the type of process?
Does your tentatively final diagnosis make
sense clinically and anatomically?

Let us consider each of these in turn.



What is the Origin of the
Tissue?

The more abnormal the tissue, the more difficult
it may be to identify the origin of the tissue.
Frequently, however, some clues can be found at
the edge of the specimen. One may see gray mat-
ter, recognizable with neurons, but bits of cere-
bral cortex cannot easily be differentiated from
basal ganglia or spinal cord gray unless one sees
leptomeninges on the surface. One may see
white matter or myelinated fibers, which should
differ in CNS or peripheral nervous system
(PNS), but bits of CNS white matter in the cere-
brum cannot be distinguished from those in the
spinal cord or cerebellum unless one sees other
landmarks - again, leptomeninges being helpful
in non-cortical locations. White matter bundles
separated by thin connective tissue septa are a
relatively specific architecture of the optic nerve.
Other structures, such as the pituitary gland,
pineal gland, peripheral nerve, choroid plexus
and leptomeninges can usually be identified
with little difficulty.

Is the Tissue Normal or
Abnormal?

If one can recognize the site, the degree of
abnormality becomes relatively easy to deter-
mine. Otherwise, the hypercellularity of most
neoplasms and inflammation is usually easy to
see. But in other diseases, especially in so-called
“borderline cases”, hypercellularity may be
absent or very difficult to see. A mild increase
in glial cells and a mild decrease in neurons can
also relate to the thickness and plane of the
section. In addition, one may have to struggle
with artifacts, especially those that can appear
during the removal of the tissue or during the
preparation of the slides. It should be noted that
the presence of nodular clusters of neurons
without lamination is abnormal in neocortex
but normal in the pyriform cortex - found in
the parahippocampal gyrus. The presence of an
external granular cell layer in the cerebellar
cortex is normal in the infant up to about 18
months of age. Large clusters of immature gran-
ular cells in the striato-thalamic junction or
over the caudate nucleus, known as the “germi-
nal matrix”, are normal components of fetal
brains.
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If Abnormal, is the
Abnormality Specific or
Non-specific?

There are certain pathological changes - abnor-
mal but very common, frequently associated
with age or derived from old subclinical injuries
- that usually pose no clinical significance.
These should not delay the investigation too
much and include the following: thickening of
the leptomeninges, atherosclerosis, fibrosis or
hyalinization of blood vessels, mineral deposits
in various parts of the nervous system, lipofus-
cin in neurons, corpora amylacea, mild gliosis
without other specific pathological changes,
acute (usually operative) and even old (remote)
hemorrhages, necrosis without other specific
findings, and mild inflammatory changes in the
absence of other specific changes.

Among these may be considered the differ-
ential diagnosis of gliosis vs low-grade glioma.
This is the most frequent problem that neo-
phytes expect to encounter according to their
grapevine! Actually, however, for the usual
neophyte the boundary lies well up in the scale
of hypercellularity simply because the true
neophyte has had essentially no experience
with the normal, much less the abnormal.

Gliosis is a scar in the CNS analogous to fibro-
sis in other organs. It only tells us that the tissue
is abnormal because something has happened
there, or near there, in the remote past and has
been repaired. The scar remains but the cause
of the scar is no longer present. An old gliosis
consists of abundant astrocytic fibers and few
cell bodies or nuclei. More recent gliosis con-
tains more cell bodies with plump cytoplasm
(“gemistocytes”) and less prominent fibers.
Such recent or progressive gliosis is difficult to
distinguish from a low-grade astrocytoma.

Gliosis vs Glioma

This is a problem on which even expert neuro-
pathologists disagree frequently, especially
when the biopsy specimen is either insufficient
in quantity or misses the target. There is no
single easy criterion to separate the two condi-
tions. Increased density of cells is not always
diagnostic of a glioma, since atrophic white
matter can be more hypercellular than even a
real low-grade glioma. Immune stains for glial
fibrillary acidic protein (GFAP) usually show



HAr.»
43 (P\®
b

NEUROPATHOLOGY

multipolar star-shaped astrocytes distributed
at relatively regular intervals in gliosis, com-
pared with a “shoulder-to-shoulder” pattern in
gliomas. The most important criterion in
gliomas is nuclear pleomorphism. When other
criteria, such as vascular changes, mitoses and
Ki67 cycling activity are present, the tumor is no
longer low grade and poses no problem in being
distinguished from gliosis.

When all is said and done, the most impor-
tant fact for the biopsist to remember is that
most lesions are spherical, with a center (which
may be actively growing neoplasm, necrotic
neoplasm or other tissue, demyelination, etc.),
an active edge and an outer surrounding reac-
tion. A radial biopsy is the best, a tangential
(or further away) one rarely being helpful. In
general, the active edge is pleomorphic, con-
taining a background of normal cells (neurons,
blood vessels, glia), reacting cells (microglia in
all stages of development, astrocytes in various
stages of reaction) and the “cells of the lesion”.
A low-magnification orientation is at least
helpful, if not essential. We have seen experts
get lost in the pleomorphism of the edge, not
seeing the center as either necrotic or demyeli-
nated, and not seeing the surrounding reaction
as it decreases from the active edge of the tumor
or the plaque.

If Specific, To Which of the
Following Categories Does
the Tissue Belong?

Developmental Anomalies

This category includes cerebral dysplasias,
tubers, hamartomas, heterotopia, polymicro-
gyria and cysts of various types. Encephaloceles
and meningomyeloceles are readily diagnosable
on the external appearance of the patients and
usually contain fragments of CNS and PNS tis-
sues, nerves, nests of blood vessels and fibrous
connective tissue. Cortical dysplasias, tubers,
heterotopia and polymicrogyria are frequently
resected for seizure control. “Hamartoma” is
included but its diagnosis is difficult because the
definition is vague and controversial. We try not
to make a diagnosis of hamartoma except for
cases of hypothalamic hamartoma, which has
become a well established clinicopathological
entity. Tubers are relatively unique because of

the presence of extremely bizarre neurons and
astrocytes and other cells of indeterminate,
intermediate or mixed nature. Cysts can be lined
by arachnoid cells, glial tissue (Fig. 3.1), epithe-
lial cells and non-specific connective tissue (pial
or other) membranes [3]. Epidermoid and der-
moid cysts can be considered to be develop-
mental anomalies but are customarily included
in the category of neoplasms.

Inflammatory Lesions

Abscesses due to purulent bacteria and granulo-
mas secondary to tuberculosis were common in
the old days but their incidence has decreased
markedly with the advent of antibiotics. The
recent epidemic of AIDS, however, has revived
this category. Furthermore, the causative agents
are no longer limited to simple staphylococci,
streptococci, pneumococci, Hemophilus influ-
enzae and tuberculosis, but have expanded
their spectrum enormously to include many
that were hitherto unknown to be pathogenetic
for humans. The most common opportunistic
infections today are probably by Toxoplasma
and Aspergillus, but many other exotic bacteria,
fungi and viruses can be found in patients with
immunodeficiencies. AIDS leucoencephalopa-
thy is an uncommon new entity and should be
taken into consideration when one is dealing
with AIDS patients. Sarcoidosis and vasculitis
of various types may be considered among the
differential diagnoses. Progressive multifocal
leucoencephalopathy (PML), another oppor-
tunistic infection by a papovavirus, reveals
demyelinating and partially necrotic white-
matter lesions that characteristically show
bizarre Alzheimer Type I astrocytes and
intranuclear viral inclusions in glial cells.

Demyelinating Diseases vs Gliomas Until the
advent of MRI and the culmination of studies of
experimental allergic encephalo-myelitis (EAE),
both occurring about 30 years ago, the concept
of multiple sclerosis (MS) was derived almost
entirely from clinical and autopsy studies. The
former remained questionable until evidence of
“multiple lesions in time and space” provided
the clue, but this occurred only after the disease
was well established. The latter almost neces-
sarily revealed only the end stage: sharply
defined plaques involving the white matter and
manifest by loss of myelin and gliosis with
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Figa. 3.1. a Incidentally observed at autopsy, this congenital intracerebral cyst is in the region of the hippocampal fissure. b Micro-
scopic section shows a glia-lined cyst separated from the ependyma-lined temporal horn by gliotic brain tissue. NP2391, H&E.
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preservation of axons. There was a long tempo-
ral gap between the two fields of study, so much
so that MS was frequently considered to be
degenerative rather than inflammatory. The
status of “activity” remained speculative.
Lesions that contained lipid-filled macrophages
(“gitter cells”) were thought to be active, for-
getting that macrophages can persist for many
months, even years. Other lesions were only
loose mesh works of astrocytic fibers and were
truly old. Mild, focal, perivascular lymphocytic
cuffs were also considered “active” but rarely
did neuropathologists encounter a really active
lesion: a small focus at the circumference where
microglia in various stages of phagocytosing
and digesting myelin (Fig. 3.2) could be seen as
evidence of some process beginning only a few
days before death. Neuropathologists did not
expect a biopsy of an MS lesion until modern
scans began to reveal “solitary” expanding
lesions that required a biopsy to differentiate a
neoplasm (glioma, lymphoma or metastatic car-
cinoma) from an abscess or granuloma. MS was
just not on the list of differential diagnoses in
those days.

When the authors saw their first case of MS
at biopsy (Fig. 3.3), their first impression was
anaplastic astrocytoma with pleomorphic nuclei
(later shown to be both microglia and astrocytes
in various stages of evolution), the astrocytes
being especially pleomorphic with chromatin
patterns that were suggestive of mitoses but
which are now recognized as micronuclei. There
was only mild perivascular lymphocytic cuffing.
The evolving macrophages were not obvious on
H&E (hematoxylin & eosin)-stained sections
and, indeed, the authors were not sensitized
enough even to be looking for macrophages.
Only when they saw the CT scan showing what
looked like a head full of marbles did they
realize that not only were they wrong in their
diagnosis of glioma but also that the clinicians
were wrong in diagnosing metastatic cancer.
The diagnosis had to be MS even though the
primary complaint had been an epileptic
seizure! Fortunately, although the concept of
pleomorphic xantho-astrocytoma (PXA) was
not yet popularized in those days, the foamy
and spongy stroma of the tissue raised their
suspicion of MS. Subsequent special stains
revealed that the lesion was packed with foamy
macrophages and had a sharply defined loss of
myelin and preservation of axons.

They thus learned the hard way that demyeli-
nating disease must be added to their list of dif-
ferential diagnoses. However, it can still be quite
confusing because the edge is not always sharp
and the preservation of axons far from perfect.
They know of several cases of litigation against
pathologists because of the misdiagnosis of
neoplasm.

Abscess and Granuloma vs Tumor Hypercellu-
larity is one of the characteristics of most
neoplasms but it is not specific. The number of
cells increases even more markedly in many
inflammatory processes but the types of cells
are quite different and should cause only tem-
porary difficulty in differential diagnosis. The
granulation tissue in the wall of an organizing
abscess or granuloma with abundant, actively
proliferating, immature fibroblasts may look
quite wild and mimic pleomorphic astro-
cytomas, especially if the adjacent reactive glio-
sis is included in the specimen and the more
central inflammatory exudate is not. Macro-
phages are usually present in the granulation
tissue and these contribute to the pleomophism
as the microglia evolve into macrophages. On
the other hand, acute and chronic inflammatory
exudates may be seen focally in glioblastomas,
probably in response to necrosis. This can cause
a differential nightmare when the specimen is
small and does not show representative areas
of the glioblastoma. Since the treatment for
glioblastoma and abscess is so different, re-
biopsy has to be requested if the problem
cannot be solved.

Vascular Diseases

Hemorrhages, old and recent, usually pose no
problem for diagnosis except that the gliosis
adjacent to an old hemorrhage can be so disor-
ganized as to raise a question of glioma. Foci of
vascular malformation in gliomas, both low
and high grade, are not uncommon and oligo-
dendrogliomas are notorious for spontaneously
bleeding as their first sign. When a large arteri-
ovenous malformation (AVM) is present adja-
cent to a glioma, it is difficult to tell whether the
AVM is a focal change in the glioma or two inde-
pendent lesions that just happen to occur in
the same location.

Congophilic angiopathy should be consid-
ered and the amyloid-containing blood vessels
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Fig. 3.2. a An inactive plaque of MS at autopsy, packed with
lipid-filled gitter cells (red in the original), the sharp edge and
the uniformly plump macrophages indicating that the fesion is
atleast many months old. NP4249, oil-red-O-hematoxylin (ORO-
H). b A small focus of activity at the edge of another old plaque
in the same patient, the gradation in size of the microglia as they
digest the myelin into ORO-positive droplets indicating that the
lesion began less than a few days before death. NP4249, ORO-
H. ¢ Another small focus of activity in another case of MS, the
progressively decreasing sizes of the myelin debris (blue in the
original) phagocytosed by microglia and converted into periodic
acid-Schiff (PAS)-positive granules (red in the original)
paralleling the lipid production in b. NP2169, Luxol-fast-blue-
PAS-hematoxylin (LFB-PAS-H).
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Fig. 3.3. a Pleomorphic nuclei and cytoplasms (H&E), at first suggesting an anaplastic astrocytoma. b The CT scan, however, showed
multiple lesions that suggested metastatic cancer and prompted the biopsy seen in a. The combination of a and b suggested MS,
which was confirmed by the sharp-edged demyelination in ¢, the upper right triangular portion being blue in the original (LFB-PAS-
H), even though the astrocytes were quite pleomorphic in d (NP8667, Holzer's crystal violet for astrocytes).
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should be looked for in hematomas evacuated
from anyone over 50 years of age. Other diag-
noses include blood clot without abnormal
blood vessels or neoplasm, vascular malforma-
tions of various types (AVM, cavernous mal-
formation, venous angioma, telangiectasia and
aneurysm), and ischemic and hemorrhagic
infarcts of various durations. Some may be
biopsied when they cannot be differentiated
clinically from tumors. Atheromatous plaques
removed at carotid endarterectomy may appear
as non-specific fibrous tissue with or without
calcification, cholesterol clefts or cholesterol
granulomas.

Degenerative Diseases

So far, the authors have found it rare to have the
final diagnosis be an unexpected degenerative
disease. Neurosurgeons may be asked by neu-
rologists to perform a biopsy for suspected neu-
ronal storage diseases and leukodystrophies of
different types, Creutzfeld-Jakob disease (CJD),
Alzheimer’s disease and Pick’s disease, as well
as for patients who show progressive deteriora-
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tion that cannot be characterized clinically. The
location and amount of the specimen may be
critical but we generally recommend a good
cubic centimeter of cortex and white matter so
that adequate blocks for frozen and paraffin sec-
tions and electron microscopy can be per-
formed. Unfortunately, often only non-specific
gliotic tissue is obtained in these cases and the
disease remains frustratingly undetectable.

Trauma

Occasionally, cases may present as diagnostic
problems: (1) Did the patient fall because of an
underlying disease or was the trauma primary?
(2) Is the necrosis due to the trauma (contusion
of the crests of superficial gyri) or to vascular
disease (usually deep in the sulci)? Contused
cerebral tissue with petechiae; blood clots from
epidural, subdural and intracerebral hemor-
rhages; and organizing subdural membrane
usually give little difficulty in diagnosis. One can
recognize the relatively slow evolution of the
outer membrane of a subdural hematoma (Fig.
3.4) compared with the almost-non-changing

Evolution of subdural hematoma
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Fig. 3.4. Schematic evolution of a subdural hematoma of moderately large size. Note that most of the reaction is in the outer
membrane. Trichrome (green staining dura and fibrous tissue and red staining hemorrhage in the original) and iron (blue staining
hemosiderin in the original) stains. Note RBC in dilated sinusoids at 1 month.
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inner membrane, and one must also recognize
the much more rapid organization of an epidural
hemorrhage with its immediate access to the
surrounding connective tissue and blood vessels.

Neoplasms

This category is obviously the largest - neuro-
surgeons’ biases historically shaped this direc-
tion! - and consists of 70-80% of all neuro-
surgical specimens, but the distribution depends
on the populations served and the strengths
of subspecialties of neurosurgeons in any one
institute. The magnet effect of individuals - so
obvious in Cushing’s pituitary tumors, but also
involving public, private, academic, large and
small institutions - is still in play! There are
already many books describing gross and micro-
scopic findings for each type of tumor and there
are already too many revisions of classifications
of tumors [4,5,6,7,8], so we will not be repetitive
in describing each tumor. Books that not only
describe the findings of each tumor but also dis-
cuss the differential diagnoses more extensively
are more helpful [6]. The authors would caution,
however, that the types of tumors have changed
dramatically, from “wait until the tumor is large
enough to be seen by pneumoencephalography”
to “ biopsy after the MRI after the first fit”. They
would also suggest that the character of a tumor
can be defined biologically (i.e. only the ranges
of growth and invasive characteristics can be
inferred, not measured histologically, and these
ranges are notoriously wide: fast, slow, diffuse,
etc.). But this may be a subject for discussion in
its own right!

Having reached a tentative conclusion that a
given specimen probably represents a neo-
plasm, one should be able to say whether it is:
(1) primary or secondary (metastatic), (2)
intrinsic (neural) or extrinsic (non-neural), and
(3) its type and grade.

The nature of the edge is very helpful since
primary intrinsic neoplasms tend to be infiltra-
tive of the CNS whereas metastatic or extrinsic
neoplasms tend to be sharply demarcated from
the CNS. Of course, truly extrinsic neoplasms
are rarely excised with any CNS but there may
be a capsule of fibrous tissue that helps. One
must always be aware that rapidly growing
primary gliomas may break through the pia,
infiltrate the arachnoid and dura and grossly
resemble meningiomas. The reverse is also true
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- that even benign meningiomas and cranio-
pharyngiomas may break through the pia and
infiltrate the CNS, craniopharyngiomas espe-
cially evoking a remarkable gliosis with many
Rosenthal fibers.

In determining the type and grade of neo-
plasms, one usually relies on the cell morphol-
ogy, frequently assisted by the pattern of cellular
arrangement as well as by stromal and vascular
changes. Let us consider each of these below.

Cell Morphology The authors assume familiar-
ity with the neurohistology of normal neurons,
astrocytes, oligodendroglia, ependymal cells
and microglia, as well as that of blood vessels
and meninges. In general, touch or smear
preparations of freshly removed specimens
stained with H&E generally reveal the structure
of individual cells better than frozen or even
subsequently prepared paraffin sections, pro-
vided, of course, that enough cells stick to the
slide. Touch or smear preparations are espe-
cially useful with pituitary adenomas as the
normal pituitary cells do not come out of their
enclosure in small pockets or capsules of con-
nective tissue. In adenomatous tissue, the
connective tissue septa diminish and large
nodules of adenoma cells are easily squeezed
out. Cells with abundant processes that are
tightly woven together, as in schwannomas and
astrocytomas, come out only as thick chunks.
Patterns of cellular arrangement and vascular
changes are usually not discerned in touch
preparations. Necrotic coagula are easily seen
but may be missed as an artifact.

To make a diagnosis of the cell type, one looks
for resemblance of tumor cells to normal cells.
Sometimes our concept of “normal” may
seem a little strange; witness the “fried egg” or
“ honeycomb” (Fig. 3.5) pattern of oligoden-
drogliomas. This pattern is really an autolytic
artifact that most pathologists find diagnostic,
even though the normal oligodendrocyte
usually shows much less of this artifact.

Cells showing more deviation away from the
norm are said to be less differentiated or more
anaplastic. At its maximal end, the cells appear
so undifferentiated and uncharacteristic - con-
sisting only of nuclei with little or no cytoplasm
or processes — that their identity is lost and they
can only be designated as primitive neuroecto-
dermal cells. However, whether they are truly
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Fig. 3.5. a A honeycomb, some still filled with baby bees, corresponding to the nuclei of an oligodendroglioma. b “Honeycomb”
pattern of an oligodendroglioma. 5-4362-81, H&E.

neuroectodermal or not needs to be proven by
other studies.

Many well differentiated tumors frequently
consist of more than one type of cell, just as a
family contains old and young persons, male
and female, tall and short, even skinny and
obese. This is especially true in gliomas, as
astrocytes (fibrillary, gemistocytic or protoplas-
mic), oligodendroglia and even 2pendymocytes
share the same progenitor. When a diagnosis of
a particular type of glioma is made, it does not
necessarily imply a pure culture of that partic-
ular type of glia cell, only a majority of that type
of cell. When the proportion of other types
becomes significant, a diagnosis of mixed
glioma can be made, although a determination
of the necessary proportion is quite arbitrary
and subjective - usually at least 25%. This is
another area where controversies arise.

Patterns of Cellular Arrangement

Each tumor appears to be different. In order
to classify tumors into groups, one has to find

some common denominator for each group.
As we mentioned above, we first use the mor-
phology of the tumor cells to estimate the
lineage of the cell and tumor. However,
although the histological variations on normal
cells are very limited, those of tumor cells are
quite marked. No matter how we combine the
shape, size and degree of staining of the nucleus
and cytoplasm and the shape, size and number
of cell processes, we can make only a limited
number of normal cell types, which can resem-
ble the tumor cells to various degrees. Not all
tumors are diffusely infiltrating or consist of
randomly arranged or packed cell masses.
Tumors belonging to a similar lineage have a
tendency to show a particular pattern formed
by groups of cells. These patterns are not spe-
cific and frequently overlap among different
groups but are helpful when combined with
cell morphology. The patterns are not necessar-
ily present in the whole tumor but are often
found only in small foci, which one has to
search for.



51

NEUROPATHOLOGY

Diffusely Infiltrating with No Significant Pattern
This type of pattern can be seen in all types of
gliomas: gangliogliomas, lymphomas, primitive
neuroectodermal tumors (PNETs), germino-
mas, melanomas, sarcomas and some types of
carcinoma. Some show relatively subtle pat-
terns: germinomas can be identified because of
the mixture of two distinct cell types: large
epithelioid cells and small lymphocytes. Islands
of nuclei in a sea of glial fibers are seen in the
adult spinal cord (Fig. 3.6a) and are typical of
subependymomas (Fig. 3.6b). Lymphoma cells
tend to be densely packed around blood vessels,
even laminated. Homer Wright pseudo-
rosettes, described below, may be found in
PNETSs with neuroblastic differentiation but fre-
quently require careful search.

Perineuronal  Satellitosis Oligodendrogliomas
have a tendency to proliferate close to the cell
bodies of neurons in the gray matter, a phe-
nomenon known as “perineuronal satellitosis”.
Astrocytes and microglia also occur normally
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and abnormally in a satellite position but oligo-
dendrogliomas seem to be the most common
neoplasm to produce this pattern. Two or three
glial cells around a neuron are common, indeed
normal, but more than that is abnormal. In
tumors, there are an increased number of satel-
lite cells, which usually show some nuclear pleo-
morphism (Fig. 3.7). Often the presence of a
neuron in the center is obscure and one sees
only a regular scattering of clumps of tumor
cells in the gray matter, suggesting the distrib-
ution of neurons previously present. Satellitosis
is not specific for a neoplasm, but can be seen
in reactions to various non-specific infections
and intoxications.

Streams and Bundles Most frequently seen in
schwannomas, streams of interlacing bundles of
elongated spindle-shaped cells are present in
Antoni Type A regions (Fig. 3.8); cut in cross-
section, the spindle-shaped nuclei become small
and round. Meningiomas, especially of the
fibrous variant, can also show this pattern, but
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Fig. 3.6. a Islands of nuclei in a sea of glial fibers in a normal adult spinal cord. NP282, H&E. b Similar islands in a subependymoma.

NP171, H&E.
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Fig. 3.7. Perineuronal satellitosis in an oligodendroglioma.
NP7146, HE.

Fig. 3.8. a-b Streams or bundles of spindle cells typical of a schwannoma. NP16042, H&E. a Low magnification. b High
magpnification.
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the nuclei of meningioma cells tend to be less
spindle-shaped. In addition, streaming cells
forming parallel rows with little interlacing can
be seen in pilocytic astrocytomas, fibrillary
astrocytomas and oligodendrogliomas.

Whorls, Loops, Onion-skin Pattern and Psam-
moma Bodies These patterns are characteristic
of meningiomas in which there are concentric
layers of tumor cells around a center, which may
contain no structure or which may show a small
blood vessel, a hyaline body or even a calcified
granule. Psammoma bodies are calcified gran-
ules that are usually laminated and non-specific,
unless one can see the whorling meningioma
cells around them (Fig. 3.9a, b). Whorls can also
be seen in schwannomas but they are not as dis-
tinctly outlined by a thin fibrous membrane as
in meningiomas and tend to be larger with an
indistinct border (Fig. 3.9c). Larger whorls may
look more like oval loops. Cross-sections of neu-
rofibromas may show a somewhat similar pat-
tern, known as an “onion skin” or “onion bulb”.
These structures are more numerous and
loosely spaced, typically with a demonstrable
axon in the center of the onion bulb.

Nodular, Lobular and Alveolar Patterns
Tumors consisting of nodules and lobules of
various sizes are numerous. Small nodules and
large lobules separated by thin fibrous mem-
branes are typical of meningiomas, separated by
capillaries or hypocellular gliotic tissue fre-
quently in oligodendrogliomas and separated
by connective tissue septa in pituitary adeno-
mas. Similar lobular patterns are also seen in
chordomas, chemodectomas, metastatic carci-
nomas and alveolar soft-part sarcomas.
Alveolar and follicular patterns are more or less
synonymous with a lobular pattern (Fig. 3.10).

Palisades and Pseudo-palisades Nuclei that
form parallel rows are known as “nuclear pal-
isades”. Anuclear eosinophilic cytoplasmic
bands between nuclear rows in a schwannoma
are known as “Verocay bodies” (Fig. 3.11). The
combination of nuclear palisades, Verocay’s
bodies and interlacing bundles of spindle-
shaped cells (see Fig. 3.8) is relatively specific
for schwannoma, although an almost identical
pattern can be seen in occasional astrocy-
tomas (bipolar spongioblastomas or “central
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schwannoma”). Palisading of nuclei can also
occur in PNET, again as a clone of the rare prim-
itive spongioblastoma. An area of coagulative
necrosis surrounded by rows of nuclei is often
called “pseudopalisading”, more accurately
called “perinecrotic palisading”, and is often
seen in glioblastoma multiforme. Adjacent
areas of dense (Antoni A) and loose (Antoni B)
tissue is typical of schwannoma (Fig. 3.11).

Rosettes and Pseudo-rosettes There are four
types of these patterns: two types of true rosettes
and two types of pseudo-rosettes. All show cells
radiating around a center. One true rosette is an
ependymal rosette that has a small or large
lumen in the center, resembling the central
canal of the spinal cord with cilia or blephalo-
plasts around the lumen (Fig. 3.12a). Such
rosettes are found in some ependymomas (Fig.
3.12b). Another true rosette is composed of rods
and cones and is seen in some retinoblastomas.
One type of pseudo-rosette includes a blood
vessel in the center, a perivascular pseudo-
rosette (Fig. 3.13a, b), the cell processes from the
surrounding cells tapering toward the vascular
wall. These can be seen with H&E stain but more
easily seen with van Gieson (VG) stain (Fig.
3.13c). Perivascular pseudo-rosettes are very
common in ependymomas, and are much more
common than true rosettes. When the center
consists of anuclear eosinophilic cytoplasm (on
H&E stain), it is known as a “Homer Wright
pseudo-rosette”, a pattern typical of neuroblasts
growing in culture. They are found in some
PNETs but more frequently in neuroblastomas
(Fig. 3.14), central neurocytomas and pineocy-
tomas. The eosinophilic amorphous areas tend
to be larger and more irregular in pineocytomas
and neuroblastomas.

Cartwheels and Perivascular Crowns Difficult
to distinguish from perivascular pseudoro-
settes, a cartwheel formation has been described
as characteristic of astroblastomas in which
radially arranged tumor cells show cell feet
attached to the vascular wall, whereas only
tapering cytoplasmic processes are demon-
strable in ependymomas. When no cellular
processes are present around the blood vessel,
the pattern is simply called a “perivascular
crown”, as seen in numerous types of tumors,
including astrocytomas (Fig. 3.15), adenomas
and carcinomas .
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Fig. 3.9. a Whorls of plump viable meningioma cells pro-
gressively condensing into small, tight whorls of thin cells and
then into psammoma bodies. NP7807, H&E. b Transitional
forms of whorls typical of meningiomas. NP17354, H&E.
¢ Looser whorls of cells seen occasionally in schwannomas.
S-67-787, H&E.
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Fig. 3.10. a Lobular pattern in a meningioma. N90, H&E.
b Lobular pattern in an oligodendroglioma produced by
“chicken wire” pattern of thick capillaries. Note absence of the
autolytic honeycomb pattern shown in Fig. 3.5b. NP10891, H&E.
¢ Lobular pattern in a prolactinoma. NP7275, H&E.
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Fig. 3.11. Schwannoma showing nuclear palisades forming
Verocay bodies in Antoni A (dense) region next to Antoni B
(loose, foamy) region. NP15094, H&E.

Fig. 3.12. a-b True rosettes. a Normal ependymal canal and b ependymal rosette in an ependymoma. NP27902, H&E.
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Fig. 3.13. a—c Perivascular pseudo-rosettes in an ependymoma.
NP20617, H&E. a Low magpnification. b High magnification.
¢ Special stains such as this Verhoeff-van Gieson stain can
differentiate the perivascular collagen (red in the original) from
the glial fibers (yellow in the original), the latter tapering to a
point in ependymomas rather than expanding into a footplate,
as in astroblastomas. NP709.
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Fig. 3.14. Homer Wright neuroblastic pseudo-rosette in a
medulloblastoma (cerebellar PNET). NP25458, H&E.

Papillae Papillae are finger-like processes of
hyperplastic tumors, each process with a con-
nective tissue stroma, usually with accompany-
ing blood vessels, covered by epithelial cells.
The best example is, of course, a choroid plexus
papilloma but papillae can also be seen in
ependymomas, pituitary adenomas, metastatic
adenocarcinomas (Fig. 3.16) and in a rare form
of meningiomas known as “papillary menin-
giomas”.

Checkerboard and Lattice Formations This
mosaic pattern with alternating dense fibrillary
and loose hypocellular areas is typically found
in pilocytic astrocytomas (Fig. 3.17a, b). The
loose areas represent areas of mucinous degen-
eration and the beginning of cyst formation.
Rosenthal fibers are usually found in the dense
part. A similar pattern with tumor nodules par-
titioned by connective tissue septa is found in
optic gliomas (Fig. 3.17¢).

TUMOR NEUROSURGERY

Fig. 3.16. Papillary adenocarcinoma. NP16375, H&E.
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Fig. 3.17. a—c Lattice pattern in a pilocytic astrocytoma.
NP14609, H&E. a Low magnification. b High magnification.
¢ Septate pattern in an optic glioma. NP4260, H&E.



The various patterns described above are
not necessarily specific for any one type of
tumor but are useful in beginning to formulate
a histological differential diagnosis. When
combined with other findings, such as the
morphology of the tumor cells and stromal and
vascular changes, the particular pattern is very
helpful.

Stromal Changes

In addition to the appearance of the principal
cells, there are many ancillary changes that
occur in tumor tissue. These changes again are
not specific and diagnostic by themselves but
are helpful in making a diagnosis, especially in
determining the degree of anaplasia of the
tumors.

Necrosis with or without Palisading Necrosis
represents death of tissue. There are two types,
liquefactive and coagulative, but most of
the latter become liquefactive in time as
macrophages digest it. Liquefactive necrosis
from the beginning is typical of an abscess with
pus, but the later stage of any other necrosis can
be progressively soft and eventually liquid.
Tumor necrosis and radiation necrosis tend
to be coagulative with very little phagocytic
activity. Necrosis due to infarction is initially
coagulative, although grossly soft, but slowly
becomes liquefactive with extensive phagocyto-
sis to digest the dead tissue. Even when tumor
necrosis is considered to be due to vascular
occlusion within the tumor, the dead tumor
tissue does not appear to attract many phago-
cytic cells. The presence of tumor necrosis with
surrounding palisading is indicative of cellular
proliferation without concomitant vascular
and/or nutrient support and is, therefore, a sign
of a rapidly growing tumor. The presence of
necrosis is one of critical importance in the
diagnosis of glioblastoma. The clinical correlate
of necrosis in ependymomas and oligoden-
drogliomas is not as clear as in astrocytomas
[9].

Radiation also induces coagulative necrosis,
predominantly in the white matter, frequently
almost identical to that of untreated glioblas-
tomas. In cases of a re-operated tumor with
a history of previous radiotherapy, it is practi-
cally impossible to distinguish the necrosis
as being an inherent part of the tumor or
secondary to radiation. Some emphasize the
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presence of pseudo-palisading around the
necrosis as specific to tumor necrosis, but
the absence is ambiguous since there may not
be sufficient numbers of remaining tumor cells
necessary to form palisades or their growth rate
may have been slowed by the radiotherapy.

Mineralizations (Calcification, Ferrugination
and Ossification) Calcification is found in rela-
tively slow growing tumors, including menin-
giomas, oligodendrogliomas, gangliogliomas,
craniopharyngiomas and astrocytomas, but it
can also follow irradiation. It can be found in
the parenchyma and adjacent cerebral tissue
and in the blood vessel walls in oligoden-
drogliomas. In meningiomas, calcification
may be present in the form of psammoma
bodies, which may show concentric lamination,
and in the form of more amorphous larger
calcified masses. In craniopharyngiomas, ter-
atomas, chordomas and dermoid cysts, the
calcification appears as masses of various
sizes. Scattered calcified granules within coagu-
lative necrosis are typically seen in radiation
necrosis.

Cyst Formation and Mucoid Degeneration A
cyst is simply a fluid-filled closed cavity and
tends to be found in slow-growing tumors. The
fluid may be dark brown (so-called “motor 0il”),
watery (like CSF), xanthochromic of various
degrees or hues, milky or mucinous depending
on the amount of hemosiderin and protein
present, and with or without cholesterol crystals
in craniopharyngiomas. The cyst usually arises
from liquefactive necrosis or mucoid degenera-
tion of the tumor tissue. In oligodendrogliomas,
pilocytic astrocytomas and chordomas, both
mucoid degeneration and cyst formation may
be present. A large, more or less solitary, cyst is
typically found in hemangioblastomas and pilo-
cytic astrocytomas that appear as a mural
nodule. Numerous microcysts are common in
oligodendrogliomas (Fig. 3.18) and astroblas-
tomas as well as in pilocytic astrocytomas. Cysts
in craniopharyngiomas or chordomas are vari-
able in size. Cysts are uncommon in menin-
giomas and schwannomas and rare in PNETs
and germinomas. Glioblastoma has been
defined as a multiform glioma, so it should not
be surprising to find foci of low-grade glioma
with cysts and calcifications, not to forget cysts
due to necrosis.
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Fig. 3.18. a-b Microcysts are frequently seen in oligodendrogliomas, usually owing to mucinous degeneration, as evidenced by the
faintly stained contents. NP19529, H&E. a Low magnification. b High magnification.

Rosenthal Fibers, Cytoid Bodies and Eosinophilic
Hyaline Bodies Eosinophilic hyaline bodies
of variable shapes and thicknesses (commas,
sausages or just thick bands) are known as
“Rosenthal fibers”. These structures are usually
densely red with a mild purplish tinge and
sometimes resemble columns of red blood cells.
They are found typically in pilocytic astrocy-
tomas and gliotic white matter surrounding
craniopharyngiomas. The origin of Rosenthal
fibers has been debated but they probably rep-
resent a degenerated form of glial fibers on
which crystalline is deposited. They stain vari-
ably with GFAP but not so intensely as do the
usual astrocytic fibers. Eosinophilic hyaline
bodies, cytoid bodies and eosinophilic granular
bodies are found in low-grade gliomas, such as
pilocytic astrocytomas and oligodendrogliomas,
but their origin has not been clarified.

Keratin (Dry Keratin) and Parakeratin (Wet
Keratin) Multilaminated desquamated epithe-

lial membranes appear as thin parallel lines
to hexagonal plates, depending on the plane of
section. They are known as “keratin” or “dry
keratin” (“dandruff”) and are typically seen in
epidermoid and dermoid cysts (Fig. 3.19a),
where the dehydrating pattern of maturation
is to be expected on exposure to air. By contrast,
dead, swollen, mucosal epithelium (“wet
keratin”, where the swelling represents matura-
tion of cells exposed to moisture) appears as
eosinophilic masses with pale membranous
septa representing cell walls and ghosts of nuclei
(Fig. 3.19b). Wet keratin is characteristic of
craniopharyngiomas, which develop from
Rathke’s duct and nasopharyngeal mucosa.

Desmoplasia and Fibrosis Excessive fibrous
connective tissue sometimes forms the stroma
of tumors and at times divides tumors into
numerous small nodules or cords. This phe-
nomenon is seen especially when a tumor
invades and infiltrates the leptomeninges, even
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Fig. 3.19. a Dry keratin appears as parallel lines expanding into hexagonal plates depending on the piane of section. NP3880, H&E.
b Wet keratin appears as swollen cells with ghosts of nuclei in a craniopharyngioma. NP-02-286, H&E.

more when it invades the dura, or when there is
an excessive reaction in the connective tissue
portion of the vascular components. Fibrous
scar formation is almost always found in cases
with previous surgical intervention. Irradiation
also induces excessive proliferation of connec-
tive tissue. The differentiation from a sarcoma
or a mixed glio-sarcoma is difficult unless one
can demonstrate neoplastic features in the
connective tissue, i.e. mitoses and numerous
cycling nuclei in addition to the pleomorphism
frequently seen in actively reacting fibrous
tissue.

Terminology may be deleted with experience,
and the “cerebellar sarcoma” - so diagnosed
decades ago because of its rich fibrous connec-
tive tissue dividing the tumor into nodules (Fig.
3.20a) - is now known to be a desmoplastic
medulloblastoma, but the prognosis remains
the same with CSF metastases (Fig. 3.20b, c), just
as in other medulloblastomas. Terminology also
increases, of course, and both desmoplastic

infantile ganglioglioma (DIG) and desmoplastic
cerebral astrocytoma of infancy (DCAI) occur in
the superficial cerebrum of infants, are rich in
collagenous tissue, and tend to have a relatively
favorable prognosis.

Inflammation Mild focal perivascular lympho-
cytic cuffs are common but non-specific in
many gliomas and other tumors. Pre-operative
diagnostic procedures such as angiography may
contribute to a mild inflammation. Foci of neu-
trophilic reaction are occasionally seen in
glioblastomas, causing differential diagnostic
problems with other causes of necrosis or
inflammation, especially when the specimen is
inadequate. Lymphocytes of various types con-
stitute the small cells of germinomas and
become of diagnostic importance.

Hemorrhages, Old and Recent Evidences of
recent and old hemorrhages may follow various
treatments but also occur spontaneously in
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Fig. 3.20. a Medulloblastomas sometimes evoke so much connective tissue reaction as to suggest sarcoma (NP243, reticulin). b
Although the posterior fossa was irradiated, the failure to appreciate that the tumor was really a medulloblastoma led to the patient's
death by metastases through the CSF, surrounding the spinal cord. ¢ gross. H&E.
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many tumors characterized by hypervascular-
ity: hemangioblastomas, meningiomas, schwan-
nomas, oligodendrogliomas and ependymomas.
Melanomas often bleed and the cells may
contain both melanin and hemosiderin
pigments.

Vascular Changes

In general, high-grade neoplasms are more
vascular than low- grade ones, but there are
many exceptions. Obviously, tumors of vascular
origin, such as capillary hemangioblastomas,
hemangioendotheliomas and hemangiopericy-
tomas, are vascular by definition regardless of
their degree of anaplasia. Meningiomas have
long been known to be vascular, fed both intra-
and extra-cranially, and their surgical resection
was sometimes disastrous in the old days, but
they are easily handled today with pre-operative
selective embolization. Among metastatic
neoplasms, melanomas, hepatomas and chorio-
carcinomas are well known to be vascular
and to bleed easily. Ependymomas are inher-
ently vascular as part of their perivascular
pseudo-rosettes, but an avascular cellular
ependymoma without perivascular pseudo-
rosettes can be readily mistaken for an astrocy-
toma. Oligodendrogliomas can also be very
vascular and have spontaneous intracerebral
hemorrhages. Pilocytic astrocytomas and
schwannomas often show focal areas of hyper-
vascularity, usually markedly hyalinized, but
occasionally even with capillary endothelial
proliferation.

Capillary Endothelial Proliferation Excessive
proliferation of capillary endothelium filling the
lumen and/or extending externally to form
glomerulus-like masses (Fig. 3.21) or chains is
one of the common ancillary “proofs of malig-
nancy” in glioblastomas. However, it is also
common in oligodendrogliomas and the walls
of cysts of any nature, and is occasionally found
in pilocytic astrocytomas and schwannomas
without affecting the grading or prognosis.

Telangiectasia and Angioma Formations Foci
of telangiectasia and angioma formations are
frequently found in high-grade glioblastomas
and low-grade oligodendrogliomas, but are not
useful as criteria for grading the neoplasm.
Spontaneous hemorrhages most frequently
occur in these tumors,
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Capillary Networks Intersecting the Tumor into
Lobules So-called “chicken-wire capillary net-
works” that intersect the tumor into multiple
lobules are one of the characteristic architec-
tural patterns of oligodendrogliomas (see Figs.
3.5b and 3.10b).

Sinusoidal Networks Intersecting the Tumor into
Lobules The normal pituitary gland consists of
small acini of cells of different types separated
by connective tissue septa with sinusoidal
vessels. The acini expand in adenomas to
destroy the connective tissue septa but the basic
pattern may remain, only with enlargement of
the acini (see Fig. 3.10c).

Hyalinized Necrosis and Thrombosis of Blood
Vessels Hyalinized necrosis of blood vessel
walls and recent thrombosis, together with
marked proliferation of abnormal blood vessels,
including thin-walled and dilated veins and
thick-walled fibrous blood vessels of indetermi-
nate nature, may be at least as diagnostic of

Fig. 3.21. A chain of glomeruloid masses of endothelial
proliferation is typical of glioblastoma. NIH-575, H&E.
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glioblastoma as the presence of necrosis. Tumor
necrosis is most likely the result of these abnor-
mal vascular channels with neovascularization,
which inappropriately slows or shunts the blood
flow away from the tumor.

Perivascular Fibrosis Perivascular fibrosis is
very common and non-diagnostic. With multi-
ple capillary channels it is characteristic of
radiation, but it can be found in untreated
glioblastomas as a “radio-mimetic effect”.

If It Belongs to One of the Above
Processes, Can You Narrow Your
Diagnosis More Specifically as

to the Type of Process?

In narrowing one’s list of differential diagnoses,
it is frequently necessary to consult textbooks
and journals [4,5,6,7,8,10]. Pathology is largely
a visual science, so that picture-matching
becomes important!

Does Your Tentatively Final
Pathological Diagnosis Make
Sense Clinically and Anatomically?

There is rarely anything so satisfying as reach-
ing the same diagnosis as did the clinician, both
independently using different techniques inher-
ent in each specialty. Even more satisfying is
suggesting a better diagnosis that each can then
independently confirm by further studies!

2. How Can One Understand
the Changing Diagnostic
Terminologies?

Time and space do not permit us to answer this
question! The only safe method is to ask the
other persons what terminology they are using
and try to work out a mutually satisfactory
translation! One may refer to books already in
print on tumors [4,5,6,7,8] and other diseases
[10], but one must remember that these were
probably out of date before they were published!
The classifications and terminologies on tumors

are especially numerous, complicated and
controversial, particularly when considering
gliomas. The logical difficulties are circular:
without knowing the histological variations, one
cannot tabulate the biological variables. Even
though there are some strange compromises
that provoke continuing criticisms, the current
World Health Organization’s classification
should be supported as an heroic attempt to
standardize terminologies internationally -
with all the inherent biases of international rela-
tions considered - since this approach is likely
to be far more advantageous in the long run.
In the mean time, a comment comparing other
terminologies is frequently necessary.

As for the future, at least one of us believes
that the ultimate resolution lies in actually mea-
suring the growth rates and degree of infiltra-
tion to truly define high, intermediate or low
grades and to suggest the probable degree of
resection that should be attempted. The past
behavior should predict the future at least suf-
ficiently accurately to suggest when the next
follow-up scans should be obtained and how
frequently thereafter, thus providing some esti-
mate of how effective the therapy has been in
that particular patient [11,12]. Figure 3.22 illus-
trates the growth of the average diameter lin-
early with time, a pattern typical of infiltrating
gliomas of low and high grade, the velocities dif-
fering by a factor of 10, each extreme being an
average of +50%, as estimated by Woodward et
al. [13]. By contrast, constant volume-doubling
times are typical of the exponential growth of
solid tumors (Fig. 3.23). Over short periods of
time the proof of one mathematical formula or
the other may be difficult clinically, but the dif-
ference over long periods of time is really quite
striking (Fig. 3.23). The biological difference
relates to the subclinical and more or less sub-
microscopic, invisible, infiltrating cells that
convert the “edge” of the detectable tumor into
a “travelling wave” that expands linearly with
time rather than exponentially, as occurs if there
is no external diffusion of cells.

When all is said and done, there are only a
few gliomas that are susceptible to total resec-
tion: cerebellar astrocytomas and PXAs. In these
cases, frozen section studies of the “margins”
should be useful, and the surgeon should be
tempted into resecting more than the gross may
suggest, without, of course, increasing the
patient’s disability.



w
o
1

Diameter (mm)
-

66

TUMOR NEUROSURGERY

Velocity of Growth of Gliomas
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Fig. 3.22. Linear increase in diameter with time: about 4 mm/year as the average of 27 untreated low-grade gliomas (data from

Mandonnet et al. [11]) and about 30 mm/year in an untreated glioblastoma (data from Swanson et al. [12]).
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of solid tumors over the clinically visible portion of most tumors. Time in arbitrary units: years for low-grade and months for high-

grade tumors.
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3. What are the Limitations
of the Histopathological
Diagnosis of Surgical
Specimens?

The classification and definition of diseases can
be purely academic but they also serve two prac-
tical purposes: namely interpersonal communi-
cation and prediction of a patient’s outcome. If
the terminologies of all diseases were standard
and unified, a patient could carry that diagnosis
to any physician anywhere in the world and all
physicians would understand the significance of
the condition and know the types of treatment
that particular patient should receive. Obviously
this is only the ideal. The reality is not that
simple, as we all know. There are some common
diseases that are familiar to most physicians. For
instance, most physicians are familiar with
meningiomas, which are common adult tumors,
and know roughly what types of treatment are
useful, even though they may not know that
there are double digits of variants that may be
descriptively added to the histological diagno-
sis. By contrast, there are many uncommon or
relatively newly described conditions in which
the diagnostic terms are not always precise, well
established or standardized. Indeed, they are
still being modified and changed from time to
time as more is learned about their variations
in appearance and behavior.

It is always interesting and usually helpful to
know the historical transition of the concepts
and changes in the terms of particular diseases
but it is cumbersome and potentially confusing
for neophytes. Thus, it is not uncommon to find
many different or similar names given to the
same condition. A new disease is usually found
and defined by its discoverer. But with time,
more cases are described with some variations,
resulting in the modification of the definition
and expansion of the diagnostic criteria until
they overlap with other conditions. The border-
lines between these different conditions become
obscure. Consequently, arguments start as to
whether they should be lumped together under
one term or kept as separate entities based
on some findings obtained by special diagnos-
tic techniques. Under these conditions the
diagnostic terms become ambiguous, even
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subjective, depending on the different training
and experiences of various pathologists.

In addition, some classifications or divisions
may be rather artificial, resulting in continuous
debates. The best example is seen in the grading
of gliomas. The line drawn between grades II
and III is still controversial and one first needs
to know whether the highest possible grade is
grade III or IV! A similar argument concerns
the reporting of the degree of cycling activity:
Should one report the average (such as might be
most accurately measured by flow-cytometry)
or the highest percentage of cycling cells that
one can find in a high-dry field? What degree of
staining should one regard as “positive”? Should
one actually count or just “eye-ball” it as a
rough approximation? Satisfactory comments
explaining the problems are required when
reporting these types of results.

Another important role of diagnostic terms is
to predict the outcome of a patient, so that both
the physician and the patient know what to
expect and what treatment would be best for the
patient. The long-term outcome and the life
expectancy of the average patient with a brain
tumor are frequently compared with the pre-
scan days, but these are not even a baseline for
comparison with today’s results since the clini-
cal diagnostic criteria have changed so much. If
there is advancement in the timing of diagnosis,
say 4 years in the case of the usual oligoden-
droglioma [14], then there had better be an
increase in survival of those same 4 years before
improvement in treatment can be claimed! The
Will Rogers’ effect all over again!

Furthermore, we are making a diagnosis from
the specimen that has been removed from the
patient, but the outcome of the patient really
depends on what remains in the patient’s CNS.
That variable, plus the variety of individualized
treatments, makes it difficult to evaluate the
results that are currently being continuously
updated. How can one begin to define the his-
tological features that characterize the malig-
nancy of a particular type of neoplasm when one
starts with subtotally resected tumors, the resid-
ual volumes not measured even if solid and not
measurable if infiltrating? Even the most benign
such tumor will “recur”, i.e. continue to grow!

Contrary to the layman’s belief that all
answers are there on the slides when neuro-
pathologists look through the powerful micro-
scope with or without special stains and even



with electron microscopy, there are many limi-
tations to the histological diagnosis. Another
problem is probably fixable: an accurate diag-
nosis depends on a good specimen. This
problem is an everyday affair. A representative
site, an adequate quantity and no artifact are
three essential requisites from the supplier’s
side. Good technical and staining techniques
are crucial from the preparer’s side, to which
inquisitive eyes and a brain connected to
an effective searching machine containing an
appropriate list of differential diagnoses is the
final key!
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Neuroanesthesia

Maryke Kraayenbrink and Gregory McAnulty

Summary

The basis of general anesthesia is to establish
the “triad” of hypnosis, muscle relaxation
and suppression of sympathetic reflexes.
This, together with manipulation of mechan-
ical ventilation, fluid therapy, temperature
and the circulation by the use of anesthetic
and vasoactive drugs, can produce the
required operating conditions for complex
neurosurgery.

Most intravenous anesthetics decrease
cerebral metabolism and blood flow and tend
to have a cerebral protective effect and
decrease intracranial pressure. The inhala-
tional agents are all cerebral vasodilators that
can be offset by the induction of hypocapnia
through to hyperventilation. The overall
effect on cerebral blood flow (CBF) depends
on a balance between the concentration
of the inhalational agent and the degree of
hyperventilation.

Moderate hyperventilation reduces CBF
and brain volume. Extreme hyperventilation
may be associated with critical reduction
in flow to compromised areas and focal
ischemia. It is likely that barbiturates offer
some protection for the brain against
ischemia, but there is evidence that mild
hypothermia has a cerebral protective effect
that exceeds that of the barbiturates and
which is out of proportion to the degree to
which the cerebral metabolic rate is lowered.

The induction of general anesthesia
depresses normal protective reflexes, and
patients are at risk of asg ﬁmtlon of gastric
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-and tlzw rtsks 0fﬁthe failure of normal autoreg-
ulation of the cerebral circulation in patients
with cerebral vasospasm must be considered.
Careful monitoring control of the arterial
pressure is also required where there is
potential for cord ischemi
A significant number of patients suffer
moderate or severe pain after craniotomy.
Morphine appears to be a safe analgesic

and is more _“ecﬁve than codeme in post-
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Introduction

Modern anesthetic drugs, improvements in
monitoring, a better understanding of cardio-
vascular, respiratory and neurological physiol-
ogy, and advances in intensive care medicine

A



have all contributed to safer neuroanesthesia. It
is probably true to say that the development of
modern neurosurgery would not have been pos-
sible without the advances that have taken place
in anesthesia.

Drugs in Neuroanesthesia
(see Table 4.1)

The complex interplay between the effects of
drugs and physiological variables, such as arte-
rial carbon dioxide (CO,) tension, body tem-
perature and arterial blood pressure, during
clinical neuroanesthesia makes the interpreta-
tion of experimental data from the use of par-
ticular drugs in isolation difficult. However,
in most cases, the administration of a combina-
tion of agents, together with manipulation of
mechanical ventilation, fluid therapy and tem-
perature, will allow the anesthesiologist to
produce the physiological conditions required
for optimal surgery. The basis of general anes-
thesia is to establish the ‘triad’ of hypnosis (or
amnesia), muscle relaxation and suppression of
sympathetic reflexes (or analgesia). Each aspect
of this triad may be achieved with a variety of
drugs and, in order to minimize dose-depen-
dent adverse effects, combinations of agents are
generally used. Neuroanesthetic agents will
therefore be discussed here under the headings
of “sedatives/hypnotics” (including volatile
anesthetics), “neuromuscular blocking drugs”
(muscle relaxants) and “opioids” (analgesics).

Sedatives/Hypnotics

A diverse group of agents produce sedation at
lower doses and hypnosis at higher doses. There
is generally also a dose-related suppression of
protective reflexes and automatic functions
such as respiration and cardiovascular control.
The drugs are usually grouped into intravenous
and volatile agents. The volatile (or inhala-
tional) agents are administered from a vapor-
izer via an anesthetic breathing circuit.
Intravenous agents include the barbiturates,
propofol, benzodiazepines, etomidate and
ketamine. With the exception of ketamine,
all intravenous anesthetics decrease cerebral
metabolism and blood flow and tend to have a
cerebral protective effect and decrease intracra-
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nial pressure (ICP). Ketamine, in the sponta-
neously breathing patient, produces increased
cerebral blood flow (CBF) and ICP, but may also
have cerebral protective effects as an N-methyl-
D-aspartate (NMDA) receptor inhibitor [1].

Unlike the intravenous agents, inhalational
agents are all cerebral vasodilators that can be
offset by hyperventilation to hypocarbia. They
also decrease cerebral metabolism, leading to a
coupled decrease in CBF. The overall effect on
CBF depends on a balance between the concen-
tration of the inhalational agent and the degree
of hyperventilation [2,3]. In addition, nitrous
oxide is frequently used in anesthesia of all
types as an adjunct to other agents, allowing
them to be used in lower doses. Its use in
neuroanesthesia is controversial because it
increases CBF and may increase ICP in suscep-
tible patients [4]. This effect can also be offset
by hyperventilation. Thus, while nitrous oxide
has been extensively used in neuroanesthesia
without apparent detrimental effect, it is prob-
ably prudent to avoid its use in the presence of
decreased intracranial compliance.

Neuromuscular Blocking Drugs

Neuromuscular blocking drugs, or muscle
relaxants, facilitate intubation of the trachea
and mechanical ventilation of the lungs, and
prevent movement during surgery. They are
charged molecules that do not cross the
blood-brain barrier, and so have no direct
cerebral effects. However, they may indirectly
influence the central nervous system via cardio-
vascular side-effects, histamine release and
active metabolites. These drugs may be depo-
larizers or non-depolarizers, depending on their
mechanism of action at the neuromuscular
junction.

Depolarizing drugs (of which succinylcholine
- Anectine - is now the only commonly used
example) act very rapidly, have a short duration
of action and produce excellent intubating con-
ditions. Succinylcholine remains the drug of
choice for rapid-sequence intubation to protect
at-risk patients against aspiration of stomach
contents. It produces initial muscle fascicula-
tion and, frequently, post-anesthetic myalgia.
A non-depolarizing-type block may be pro-
duced with repeated doses. Vagal stimulation
may occur, inducing bradycardia and asystole.
Serum potassium concentrations increase
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Table 4.1. Drugs used in neuroanesthesia

Drug class Examples

Barbiturates Pentobarbitone
Methohexitone

Isopropyl phenol  Propofol

Benzodiazepines Diazepam
Midazolam

Carboxylated Etomidate

imidazoles

Phencyclidine  Ketamine

derivatives

Volatile liquids

Alkanes Halothane

Ethers Enflurane
Isoflurane
Desflurane
Sevoflurane

Muscle relaxants

Depolarizers Succinylcholine

T BT IR S

Beneficial effects

Cerebral vasoconstriction (in
normo- or hypocapnia)

Decrease in CMRO,

Decrease in CBF

Decrease in ICP

Isoelectric EEG with high doses
of anticonvulsant

Rapid recovery

Appropriate for total intravenous
anesthesia (TIVA) and prolonged
sedation

Decrease in CMRO,

Decrease in CBF

Decrease in ICP

Anxiolysis

Anterograde amnesia
Anticonvulsants

Decrease in CMRO,

Decrease in CBF

Antagonist (flumazenil) available
Rapid recovery

Hemodynamic stability

Decrease in CMRO,

Decrease in CBF

Analgesic at subhypnotic doses
NMDA antagonist

Respiratory and cardiovascular
stimulation

Non-irritant

Non-irritant

Minimal metabolism
Least cerebral vasodilatation
Rapid induction and recovery

Very rapid induction and recovery

Non-irritant, ideal for inhalational
induction

Very rapid induction and recovery
Cerebral pressure autoregulation
maintained

Rapid onset and recovery
Excellent relaxation

. oNQ
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Adverse effects

Respiratory depression

Myocardial depression (potential for
circulatory collapse in hypovolemia or
with high doses)

Enhanced seizure focus activity
(methohexitone)

Hypotension due to vasodilatation and
cardiac depression (may compromise
CPP)

Active metabolites (prolonged action in
renal failure)
Respiratory depression

Suppression of adrenocortical axis

Increase in CBF and ICP in non-ventilated
patients
Emergence of delirium and hallucinations

Myocardial depression

Cardiac arrhythmias

Rare hepatotoxicity

Epileptiform paroxysmal spike EEG
activity in high concentrations,
accentuated by hypercapnia

Irritant

Irritant
Hypotension
Cerebral vasodilatation

Occasional prolonged action

May cause increase in ICP in patients with
low intracranial compliance

Potassium release, especially in burns
patients and following denervation
Arrhythmias
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Table 4.1. continued
Drug class Examples

Non-depolarizers Tubocurarine

Beneficial effects

Flaccid paralysis without fasciculation

Gallamine Atracurium, vecuronium, doxacurium,
Alcuronium mivacurium, pipecuronium,
Pancuronium rocuronium with minimal

Atracurium cardiovascular side-effects
Vecuronium Atracurium and mivacurium do
Doxacurium not accumulate in renal failure
Mivacurium Reversible with neostigmine
Pipecuronium

Rocuronium

Opioids
Ultra-short-acting Remifentanyl

Rapidly metabolized by plasma
esterases, rapid termination of
effect (minutes)

Short duration (redistributed)

Short duration (redistributed)
Short duration (redistributed)
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Adverse effects

Tubocurarine: histamine release, ganglion

blockade (hypotension)
Gallamine: muscarinic blockade
Pancuronium: sympathetic action,
muscarinic blockade

Atracurium: histamine release

Depressant effect on blood pressure
No residual analgesia

Hypotension
7 Increases ICP

Cardiovascular stability
Cardiovascular stability (less than

Short-acting Alfentanil
Fentanyl
Sufentanil

Long-acting Morphine Lasting analgesia
Codeine

effects

CMRO,, cerebral metabolic rate for oxygen; CBF, cerebral blood flow;
ICP, intracranial pressure; CPP, cerebral perfusion pressure

owing to leakage of intracellular potassium.
Where sodium-potassium channel populations
increase (following burns, denervation, crush
injury or tetanus), potassium release may be
catastrophic. Approximately 1 : 3,000 of patients
given succinylcholine fail to metabolize the drug
normally. This may lead to prolonged (several
hours) paralysis, the so-called “Anectine
apnea”. The effect of succinylcholine on ICP and
CBF is controversial. There is evidence that
succinylcholine can cause an increase in ICP
in individuals with compromised intracranial
compliance [5]. This may be because the
increased muscle spindle activity resulting from
fasciculation causes increased cerebral afferent
input and increases CBF. Many different stimuli
that affect CBF and ICP occur at the time of
induction of anesthesia when succinylcholine is
given, and it is likely that the effect of succinyl-
choline on ICP is relatively unimportant in
the clinical setting. It can be abolished by pre-
treatment with a non-depolarizing neuro-
muscular blocker [6].

Limited analgesic and respiratory

fentanyl)

Histamine release (hypotension)
Active metabolites

Wide variation in efficacy (genetic
variation in demethylation ability)

Non-depolarizing muscle relaxants competi-
tively block the action of acetylcholine at the
neuromuscular junction. They lead to a flaccid
paralysis and can be displaced from the acetyl
choline receptor by increasing the concen-
tration of acetylcholine by the use of an
anticholinesterase (neostigmine). Earlier intro-
duced agents of this group have side-effects
such as histamine release or sympathetic stim-
ulation. Atracurium, cisatracurium and mivac-
urium are broken down to inactive metabolites
in the plasma and can be used without pro-
longed effect in patients with renal failure [7].

Opioids

Drugs of this group are extensively used during
neurosurgical anesthesia and for post-operative
analgesia. If given in sufficiently large doses, all
will cause unconsciousness; however, awareness
and recall may occur in the absence of other
anesthetics. All are respiratory depressants and,
therefore, in the absence of artificial ventilation,
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can cause CO, retention leading to cerebral
vasodilatation. All can cause muscle rigidity and
some release histamine. The evidence concern-
ing the effects of these drugs on cerebral hemo-
dynamics and ICP is conflicting and depends on
their cardiovascular effects as well as the back-
ground anesthetic.

The drugs act on specific opioid receptors and
their effects can be reversed by specific antago-
nists. The drugs in this group differ in their
onset and duration of action.

Shorter acting drugs fentanyl, alfentanil and
sufentanil will allow rapid awakening at the end
of the procedure. Remifentanil is an ultra-short-
acting opioid. It is broken down in the plasma
and can be given as an intravenous infusion
[8]. Morphine and codeine are used for post-
operative analgesia after neurosurgery.

Naloxone is a specific competitive antagonist
that reverses the analgesia and respiratory
depression caused by morphine and other
opioids. It has no agonist activity. Its duration
of action may be shorter than that of the opioid
it is intended to reverse, and therefore repeated
dosing may be necessary. Naloxone may have
deleterious effects in neurosurgical patients,
including increased CBF and cerebral metabolic
rate (CMR), hypertension and rupture of
intracranial aneurysms [9]. Naloxone has been
shown to dramatically reverse the lateralizing
deficits in patients with cerebral ischemia [10].

Clinical Neuroanesthesia

The selection of anesthetic drugs and tech-
niques is planned so as to provide an optimal
environment for the brain and good conditions
for surgery, and will vary according to the
patient’s condition and the planned operation.
There is no single correct “recipe” for neu-
roanesthesia and attention to detail is as impor-
tant as the choice of drugs.

Pre-operative Assessment
and Medication

In all cases, anesthetic care starts with a pre-
operative visit and assessment by the anesthesi-
ologist, who will be interested in the patient’s
general health, comorbidities, current medica-
tions and known allergies. For emergency cases,
the time of last oral intake of food and fluids is
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important. The neurological status will be eval-
uated with particular regard to specific deficits,
evidence of raised ICP, brainstem dysfunction
and, in the case of cervical spine surgery,
stability of the cervical spine.

Investigations will depend on the patient’s
age, medical condition and the proposed
surgery, and institutions will have their own
guidelines for investigations as well as for the
amount of blood to be cross-matched before
specific procedures. The perioperative manage-
ment of coexisting diseases such as diabetes
mellitus and ischemic heart disease is part of the
anesthesiologist’s responsibility, in consultation
with other specialists.

Pre-operative medication is sometimes pre-
scribed in order to provide anxiolysis and seda-
tion, and a drying and vagolytic agent may also
be given. Other drugs, such as beta-blockers,
may be prescribed for specific indications.
Sedative pre-medication is commonly a benzo-
diazepine or opioid, but sedatives should be
used with caution in patients with evidence of
raised ICP. Vagolytic drugs, such as atropine,
glycopyrrolate and hyoscine, are given to dry
oral secretions and to block undesirable vagal
reflexes such as bradycardia. A drying agent is
particularly important in patients who are to
undergo fiberoptic intubation. Glycopyrrolate is
preferable to atropine in neurosurgical patients,
as it does not cause the same degree of tachy-
cardia. Hyoscine causes sedation and can be
associated with delayed recovery, making it
unsuitable for craniotomy patients. It can be
used before spinal surgery but is best avoided in
older patients in whom it can cause post-oper-
ative confusion. In general, it is best for patients
to take their usual medications, apart, perhaps,
from diuretics, on the morning of surgery.

Guidelines for fasting before surgery aim to
prevent pulmonary aspiration of gastric con-
tents whilst avoiding dehydration from pro-
longed fasting. Fasting times of 2 hours for clear
fluids, 4 hours for milk and 6 hours for solids
have been shown to be safe in patients with
normal gastric emptying. Those with raised ICP
causing vomiting are at risk of dehydration and
may require pre-operative intravenous fluids.

Induction of Anesthesia

Induction of anesthesia is a time when the
patient is subjected to the action of several



drugs and stimuli that have profound cardio-
vascular and respiratory effects. These need to
be managed carefully in order to avoid adverse
effects on intracranial dynamics; therefore good
monitoring and venous access must be present
from the outset. The aim is to prevent large
swings in blood pressure and heart rate, to
maintain good oxygenation at all times and
to avoid hypercapnia.

The airway must be secured with an endotra-
cheal tube for all intracranial and major spinal
surgery. For some non-invasive investigations
performed under anesthesia or for minor pro-
cedures, a laryngeal mask airway may be used.
The endotracheal tube must be carefully posi-
tioned and very well secured, as access is diffi-
cult once surgery has started. Intubation is
carried out after induction of anesthesia when
relaxation has been achieved by muscle relax-
ants, except where there is an indication for
awake intubation.

While the induction agents are generally car-
diovascular depressants, and the blood pressure
often falls on induction, laryngoscopy and intu-
bation are stimulating and cause a rise in heart
rate and blood pressure. It is essential to
monitor the blood pressure closely throughout
the whole period of induction and for the anes-
thesiologist to be prepared to intervene to treat
hyper- or hypotension. A number of drugs have
been recommended to obtund the hypertensive
response. Commonly used drugs include a small
increment of the induction agent, a short-acting
opioid such as alfentanil or sufentanil, a short-
acting beta-blocker, or lignocaine. There should
be no attempts to intubate until muscle relax-
ation has been achieved in order to avoid
coughing, with its attendant effect on ICP.

Some patients are difficult to intubate for
anatomical or pathological reasons and special
techniques may be needed. Awake fiberoptic
intubation may be the preferred approach in
such patients as well as for those with an unsta-
ble cervical spine.

Monitoring

Monitoring requirements will depend on the
nature and extent of the planned surgery and
the patient’s condition. In all cases, there should
be continuous monitoring of the electrocardio-
gram (ECG), blood pressure, pulse oximetry,
inspired oxygen, expired CO, and anesthetic
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gas concentrations. Invasive blood pressure
monitoring via an intra-arterial line is required
for major intracranial and spinal surgery, but
non-invasive blood pressure monitoring may
be adequate for less extensive operations
such as shunts, burr-hole biopsies and more
minor spinal surgery where there is no risk of
cord ischemia. The central venous pressure
(CVP) should be monitored for vascular cases
and where major blood loss is anticipated.
More extensive cardiovascular monitoring,
such as of pulmonary artery pressures, may be
indicated by the patient’s condition (e.g. severe
ischemic heart disease), but is not routinely nec-
essary. The core temperature should be moni-
tored except in the shortest cases and can be
recorded at several sites including the esopha-
gus, where the temperature probe can be
combined with an esophageal stethoscope. A
peripheral nerve stimulator is mandatory in
order to monitor the effects of the neuro-
muscular blocking drugs, as patient movement
or coughing could be disastrous during neuro-
surgical operations.

For patients in the sitting position, precordial
Doppler ultrasonography, transesophageal
echocardiography and pulmonary artery pres-
sure monitoring may be used to detect venous
air embolism.

Positioning

The position of the patient depends on the site
and nature of the surgery and the preference of
the surgeon. Serious complications can occur as
a result of careless positioning and, because
neurosurgical operations may last for many
hours, it is particularly important that patients
are correctly positioned and pressure or trac-
tion on nerves and venous or arterial obstruc-
tion are avoided. Spinal cord damage can result
from poor positioning and great care must be
taken when moving the anesthetized patient
with an unstable spine. Pressure on the eye can
result in blindness.

Specific problems are associated with the
use of the sitting position for operations in
the posterior fossa and craniocervical region,
including venous air embolism and postural
hypotension [11]. Resuscitation may be difficult
if cardiac arrest occurs in a patient in an
unusual position, but a successful outcome is
still possible [12].
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Maintenance of Anesthesia

Anesthesia is maintained by inhalational agents
or by an infusion of an intravenous agent such
as propofol. Rapid awakening is desirable after
neurosurgery to allow neurological assessment
of the patient, and is best achieved with short-
acting drugs. Opioid analgesics and muscle
relaxants are given as needed and the patient’s
lungs are ventilated. Moderate hyperventila-
tion is used for craniotomies in order to reduce
CBF and brain volume, thereby providing good
operating conditions. However, extreme hyper-
ventilation may be associated with critical
reduction in flow to compromised areas and
focal ischemia, and is best avoided [13].

Mannitol, frusemide, steroids and CSF
drainage can all be used to decrease brain
swelling. In patients at risk of cerebral ischemia,
mild hypothermia may be achieved by passive
cooling. A core temperature of 34°C provides
some degree of cerebral protection without
exposing the patient to the risks of more severe
hypothermia. Patients should be actively
warmed to 36°C by the end of surgery if they are
to be wakened and extubated.

Cardiovascular parameters are kept as near as
possible to physiological in order to ensure
good cerebral perfusion. Normovolemia is the
ideal, with a hematocrit of about 30%. Normal
saline is the intravenous fluid of choice and 5%
dextrose should be avoided {14]. Occasionally,
deliberate hypotension is indicated for surgical
reasons.

In a number of centers, surgery that requires
total circulatory arrest is undertaken. In order
to minimize ischemic cerebral damage, this is
accomplished after the establishment of pro-
found hypothermia by femoral-femoral car-
diopulmonary bypass. Barbiturates or propofol
are administered beforehand.

Perioperative Brain Protection

The means by which it may be possible to
protect the brain from ischemia are pharmaco-
logical or physical. Direct pharmacological
interventions have focused on drugs that reduce
the cerebral metabolic rate (and therefore
reduce the demand for oxygen and energy sub-
strate) and on agents that block the cellular
mediators of ischemic injury (including calcium
influx and the production of destructive protein
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kinases and free radicals). Physical means
include the maintenance of an adequate cere-
bral perfusion pressure and arterial oxygen
carriage and the optimizing of blood viscosity
and temperature control.

With the exception of barbiturates [15], direct
pharmacological brain protection has been,
so far, disappointing. Traditionally, the dose
of barbiturate is titrated to achieve burst sup-
pression of the electroencephalogram (EEG).
However, this has been questioned and there is
evidence from animal studies that lower doses
may be equally effective [16]. Barbiturates
depress the myocardium, dilate arterioles and
interfere with normal baroreflexes and sympa-
thetic tone, and may induce cardiovascular
collapse in patients who are hypovolemic or
have already impaired cardiovascular systems.
Careful monitoring is essential and circulatory
support may be required particularly in patients
receiving higher doses. The intravenous anes-
thetic agent propofol may achieve a similar
degree of protection with better cardiovascular
stability [17].

There is evidence that mild hypothermia has
a cerebral protective effect that exceeds that of
the barbiturates and which is out of proportion
to the degree to which the cerebral metabolic
rate is lowered [18]. Profound hypothermia
during total circulatory arrest has been shown
to be remarkably protective on gross measure-
ment of outcome [19]. Animal studies suggest
that prolonged periods of arrest (>70 min) may
be associated with damage to Purkinje’s cells of
the cerebellum [20]; however, the technique
may allow procedures to be performed that
would be otherwise impossible.

Hypothermia has a number of adverse effects,
including poor wound healing, increased sus-
ceptibility to infection, alterations in platelet
function, changes in drug metabolism and
increased oxygen consumption during re-
warming. However, with mild hypothermia
(brain temperature of 34°C) the benefits seem to
outweigh the risks.

Action to increase the mean arterial pressure
whilst temporary vascular clips are in place
during clipping of cerebral aneurysms is advo-
cated by many authors. Some evidence exists for
a beneficial effect of judiciously timed applica-
tion of hyperbaric oxygen in focal and global
ischemia, but the treatment may itself induce
oxygen-free radical formation [21].



Despite the many possible avenues for inter-
vention in the face of impending, established or
relieved cerebral ischemia, in clinical anesthetic
practice, only barbiturates given in anticipation
of focal ischemia, and hypothermia before and
after focal or global cerebral ischemia, have
been shown to be useful in humans [21].

Attention to cerebral perfusion pressure,
avoidance of hyperthermia, appropriate levels of
anesthesia and maintenance of normoglycemia
are probably of greater overall importance.

Emergence

Towards the end of surgery, anesthetic agents
are reduced and then discontinued. The resid-
ual neuromuscular block is reversed when the
operation is finished and, when the patient
is able to breathe and protect his airway; the
tracheal tube is removed. As with induction,
emergence from anesthesia is a time when
hemodynamic instability can occur, and the
awakening patient may cough on the tracheal
tube. Specific medications may be needed to
control the blood pressure at this time.

On occasion, immediate extubation is not
desirable, for example when there have been
serious intraoperative difficulties and the brain
is swollen at the end of surgery, or if problems
with the airway are anticipated. In such cases a
decision may be made to keep the patient
sedated and ventilated post-operatively for a
period. Decisions of this kind should be made
jointly by the anesthesiologist and surgeon.
Patients who have had surgery in the poste-
rior fossa or craniocervical region may have
inadequate airway protective reflexes post-
operatively and should not be extubated until
airway reflexes have returned.

Recovery

Patients who have had major intracranial or
spinal surgery should be cared for in a high-
dependency area where they can receive inten-
sive nursing care post-operatively. Frequent
observations of cardiac and respiratory vari-
ables as well as neurological observations are
mandatory for the early detection and treat-
ment of complications such as bleeding. Post-
operative nausea and vomiting are common
after anesthesia and surgery, particularly poste-
rior fossa surgery, and are multifactorial in
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origin [22]. Post-anesthetic shivering may
occur, particularly after long operations, and is
associated with a number of undesirable effects.
Oxygen consumption, CO, production and
metabolic rate may increase by up to 500%
and it is not well tolerated by patients with
cardiac or pulmonary disease. Patients should
be actively warmed to a core temperature of
36°C. Surface warming with a hot-air mattress
is very effective.

Post-operative Analgesia

It is now recognized that a significant number
of patients suffer moderate or severe pain
after craniotomy. There is a tendency to avoid
morphine for post-operative analgesia in cran-
iotomy patients for fear of respiratory depres-
sion leading to hypercapnia and excessive
sedation and because it may interfere with
the assessment of the size and reactivity of
the pupils. However, morphine appears to be
safe and provides more effective analgesia than
codeine in post-craniotomy patients [23].
Patient-controlled analgesia (PCA) with mor-
phine may be better for patients with normal
levels of consciousness.

Non-steroidal  anti-inflammatory  drugs
(NSAIDs) can be a useful adjunct for post-oper-
ative pain control. However, NSAIDs have some
well-known adverse effects, including effects on
platelet function and renal function, and may
increase CBF [24]. Further studies comparing
the efficacy and safety of different analgesic
regimens in craniotomy patients are needed.

Neuroanesthesia for
Specific Circumstances

Pediatric Neuroanesthesia

Induction of anesthesia in children can be intra-
venous or inhalational, depending on the child’s
preference. A smooth, calm induction with
avoidance of crying and struggling is more
important than which drug is used. Gaining
venous access can be made more acceptable to
the child by the prior application of local anes-
thetic preparations to the skin, such as eutectic
mixture of local anesthetic (“Emla”) cream or
amethocaine gel. Maintenance of anesthesia is
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with controlled moderate hyperventilation,
and many pediatric neuroanesthesiologists use
nitrous oxide despite evidence that it is a sig-
nificant cerebral vasodilator in children [25].
Muscle relaxants and analgesics are given as
indicated. Good positioning is essential to avoid
venous congestion, but positioning can be more
difficult in small children as their relatively large
heads and short necks can easily give rise to
venous obstruction if the head is rotated.

Because of the relatively large size of the head
in a child, significant blood loss is to be expected
in craniotomies and excellent venous access
is essential. Accurate estimation of blood loss
can be difficult and the anesthesiologist may be
aided by cardiovascular parameters such as
heart rate, blood pressure, capillary refill time
and core-peripheral temperature difference in
maintaining normovolemia. Small children can
become hypoglycemic during long procedures
and blood glucose levels should be monitored
during surgery.

Children, because they have a larger surface-
area-to-weight ratio and less subcutaneous fat,
can become significantly hypothermic during
long operations unless active steps are taken
to maintain body temperature. As with adults,
the aim is for normo- or mild hypothermia.
Hyperthermia is highly detrimental.

Midline posterior fossa tumors account for
a significant proportion of brain tumors in
children, and some pediatric neurosurgeons
prefer to operate on them with the patient in a
sitting position. This provides excellent operat-
ing conditions and is associated with decreased
blood loss [11]. Venous air embolism (VAE) is
a serious complication that must be detected
and treated immediately. Nitrous oxide will
equilibrate rapidly with the air bubbles and,
being 30 times more soluble than nitrogen, will
cause them to increase in size. If an air embolus
is suspected, immediate attempts should be
made to aspirate the air via a right atrial
catheter. The surgeon should flood the wound
with saline and the anesthesiologist should
apply digital pressure to the jugular veins. This
allows the site of the open vein or sinus to be
identified and controlled.

Surgery for tumors in the floor of the fourth
ventricle can be associated with cardiovascular
instability, usually bradycardia and hyperten-
sion, owing to surgical interference with vital
areas in the brainstem. This may also lead to

bulbar problems post-operatively and such
children may need prolonged intubation.

Craniofacial surgery often involves children
who have difficult airways, and special tech-
niques and expertise may be needed to gain
control of the airway. These operations are fre-
quently prolonged and major blood loss is
likely. Post-operatively the airway may be in
jeopardy from local edema and it may be safer
to keep the child intubated and ventilated until
the swelling has abated.

Children who are awake, warm and breathing
well with no airway problems can be extubated
at the end of surgery.

Sedation

Children may require sedation for procedures
that adults are able to tolerate without seda-
tion. Proper supervision and monitoring are
essential for the safe provision of sedation to
children whether they are under the care of
anesthesiologists or other medical personnel.
The aim should be for conscious sedation.
However, it is important to realize that the child
may lapse into deep sedation once the stimulus
of the procedure stops or if drug absorption is
delayed. Because of the possibility of respiratory
and cardiovascular depression with deeper
levels of sedation, it is essential that the attend-
ing personnel are trained in life-support tech-
niques and that full resuscitation equipment is
immediately available. Pulse oximetry should be
monitored as the minimum and should be con-
tinued until the child has recovered completely.
Children must be adequately assessed before
receiving sedation and the fasting guidelines
used for general anesthesia apply equally to
patients undergoing sedation. The presence of a
parent or carer can often give great comfort to
a child undergoing medical procedures. Where
procedures are expected to be painful, local
anesthetics or analgesics, used as adjuncts, may
reduce the necessity for increasing the level
of sedation. Drugs commonly used in pediatric
sedation include benzodiazepines, opioids,
chloral hydrate, ketamine and trimeprazine.

Anesthesia for Neuroradiology and
Magnetic Resonance Imaging (MRI)

Absolute patient immobility is often neces-
sary for high-quality images to be obtained in



neuroradiology and, as these procedures are
often prolonged and uncomfortable, general
anesthesia or sedation may be needed. Addi-
tional factors reducing patient acceptability of
the MRI scanner are claustrophobia and the
loud noise during scanning. Patients who need
anesthesia or sedation include infants and
children and confused or mentally il adults.
Unconscious or critically ill patients will need
airway protection and ventilatory and cardio-
vascular support.

Procedures for which anesthesia may be
required include computerized axial tomogra-
phy (CAT scan), myelography, angiography and
interventional radiology. The X-ray department
is sometimes considered to be a hostile envi-
ronment for anesthesia, and patient access may
be limited, but exactly the same standards of
monitoring and patient care are needed as in the
operating room.

The requirements for anesthesia are similar
to those for neurosurgery and include avoid-
ance of fluctuations in heart rate and blood
pressure, prevention of hypoxia, hypercapnia
and raised venous pressure, and rapid recovery
to allow for early neurological assessment. In
many cases the laryngeal mask airway can be
used to maintain the airway and avoid the need
for intubation. Angiography in adults under
local anesthesia with sedation may provide
greater cardiovascular stability than with
general anesthesia [26].

Many conditions are now treated by inter-
ventional neuroradiology, including arteriove-
nous malformations (AVMs), vascular tumors
and aneurysms. Sometimes frequent neuro-
logical assessment is needed during the proce-
dure, e.g. during embolization of AVMs. The
patient needs to be awake and able to cooperate
with testing but can be sedated for comfort
between assessments. Propofol, with its rapid
onset and offset of action, is ideal for this
purpose. Sedation of this kind should be admin-
istered by an anesthesiologist as respiratory
depression and even apnea can easily ensue.
Adequate monitoring must be used, including
pulse oximetry, ECG and blood pressure moni-
toring, and supplemental oxygen should be
available. Equipment and drugs to support the
airway, breathing and cardiovascular system
must be readily available.

Endovascular obliteration of aneurysm sacs
through superselective catheters placed during
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angiography is an increasingly popular alterna-
tive method of treatment to surgical clipping.
The procedure can be prolonged in particular
with large aneurysms and, as there is less need
for patient assessment during the procedure,
general anesthesia is often used for patient
comfort.

The strong magnetic field of an MRI scanner
can interfere with monitoring and anesthetic
equipment. At the same time the equipment can
cause degradation of the nuclear magnetic
signals, leading to poor-quality images. Because
of the strength of the magnetic field, ferromag-
netic objects can become dangerous missiles in
close proximity to the scanner and must be
excluded or adequately secured. Special non-
ferromagnetic equipment is available but adds
significantly to the cost. Metal objects distort the
field and result in poor image quality, and can
also heat up and cause burns when subjected to
radiofrequency electromagnetic fields. Reliable
and accurate monitoring is essential in the MRI
scanner as the patient cannot be easily seen and
is remote from the anesthesiologist. Artifacts
can be induced in the ECG by the radiofre-
quency currents but can be minimized by the
use of shielded cables, telemetry or fiberoptics.
ECG electrodes must be non-magnetic and
should be place carefully to reduce artifacts.
Shielded MRI-compatible oximeters are avail-
able. Good airway control is important, as the
anesthesiologist is not easily able to intervene if
airway obstruction develops during the scan.
The laryngeal mask airway is ideal for this
purpose.

Anesthesia for Posterior
Fossa Surgery

Interference with the cardiorespiratory centers
in the brainstem can result in cardiovascular
instability during surgery and in airway and
breathing problems post-operatively. Pressure
on the nucleus of the vagus results in profound
bradycardia, even cardiac standstill, and other
cardiac arrhythmias and hypertension can be
caused by brainstem manipulation. Vigilance
by the anesthesiologist and close coopera-
tion between surgeon and anesthesiologist are
essential.

Respiratory complications can occasionally
result from interference with the respiratory
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centers, giving rise to impaired respiratory
drive post-operatively. More commonly, edema
around the lower cranial nerve nuclei results
in inadequate airway protection with respira-
tory obstruction, difficulty in swallowing and
pulmonary aspiration. As a result, patients
occasionally need to remain intubated post-
operatively and a few need prolonged respira-
tory support.

Anesthesia for Aneurysm Surgery

During induction of anesthesia, intubation and
the placement of the pin head rest, meticulous
attention to the patient’s hemodynamics is
essential. Mean arterial pressure is the critical
determinant of cerebral perfusion but systolic
arterial pressure is probably more important in
determining the wall stress and tendency to
rupture in a cerebral aneurysm [27].

Induced hypotension may be used during
aneurysm surgery to reduce aneurysm wall
tension and operative bleeding. However, it
must be used with caution as autoregulation is
disrupted in patients with cerebral vasospasm.
Measurement of jugular bulb oxygen saturation
can help to determine the minimum level of
mean arterial pressure that should be allowed
[28]. Vasodilating drugs are used to induce
hypotension (isoflurane, sodium nitroprusside,
phentolamine), frequently in combination with
a beta-adrenergic receptor blocker. Careful
monitoring is required and drugs that have a
relatively short half-life are preferred to allow
restoration of normal perfusion pressures as
soon as possible once control has been gained.
The advent of temporary aneurysm clips has
lessened the requirement for hypotension
during clipping of cerebral aneurysms and may
result in better patient outcomes. Cerebral
vasospasm is less of a problem when AVM is the
cause of subarachnoid hemorrhage; therefore
induced hypotension can more safely be used
during excision of AVM where it may reduce
bleeding and the need for blood transfusion.

The surgical exposure of the vessels at the
base of the brain by retraction of brain tissue
can be aided by positioning of the patient, with-
drawal of CSF and dehydration with diuretics.
The use of induced hypocapnia by hyperventi-
lation is controversial in aneurysm patients as
it may enhance vasoconstriction in those with

HAr.n
QN ¥
N4

cerebral vasospasm. It is probably safe to use
mild hyperventilation, but in the presence of
induced hypotension, normocapnia should be
maintained.

Anesthesia and the Cervical
Spine

Several anesthetic problems may occur during
cervical spine surgery. The pathology for which
the patient is receiving surgical treatment may,
in itself, render normal techniques for securing
the airway difficult or hazardous to the patient.
For the anesthesiologist, access to the airway
and the tracheal tube is difficult once surgery
has started, so the possibility of tube dislodg-
ment or disconnection from the breathing
circuit is a real hazard. Trauma to, or ischemia
of, the cervical cord or damage to the phrenic
nerves may lead to respiratory paralysis or
severe compromise post-operatively. Partial or
complete airway obstruction may occur post-
operatively as a result of edema of the tissues
of the airway, recurrent laryngeal nerve palsy,
or hemorrhage into the neck.

Many conditions are associated with
restricted movement or instability of the
cervical spine. The list includes: degenerative
osteoarthritis and spinal canal stenosis, anky-
losing  spondylosis, Down’s  syndrome,
Klippel-Feil syndrome, Arnold-Chiari malfor-
mation, other congenital malformations such as
dwarfism, type IV Ehlers-Danlos syndrome,
metastatic lesions, osteomyelitis and rheuma-
toid arthritis, as well as trauma with demon-
strated or suspected cervical spine injury.

Induction of anesthesia and intubation
results in the loss of protective muscle tone as
well as the potential for flexion and extension
greater than that which would be tolerated by
the awake patient. The cervical cord may be at
risk if there is a tight stenosis or potential for
subluxation from either movement or a fall in
the perfusion pressure of the neural tissue
owing to hypotension. Potential for cord injury
dictates careful immobilization during manipu-
lations to secure the airway and will frequently
require special techniques and monitoring.
Fixed cervical vertebrae may make conventional
intubation very difficult or impossible because
conventional laryngoscopy requires a certain
amount of flexion of the neck and extension of



the head. Awake intubation (most usually with
a flexible fiberoptic bronchoscope) may be the
safest option in many cases where there is
potential risk to the cord or where a secure
airway cannot be obtained conventionally. This
is carried out with intravenous sedation and
local anesthesia of the airway.

Careful control of the arterial pressure during
induction and maintenance of anesthesia is
clearly critical when there is potential for cord
ischemia in order to ensure maintenance of an
adequate cord perfusion pressure. Good com-
munication and cooperation between the anes-
thesiologist and the surgical team is essential
during patient transfer and positioning, partic-
ularly if the patient is to be turned prone.

At completion of surgery, patients are usually
extubated upon return of protective reflexes.
However, if there is a risk of upper airway
obstruction, for example after transoral proce-
dures, the safest option is elective ventilation
with sedation in the intensive care unit until the
danger of post-extubation obstruction is past.
Emergency re-intubation of patients who have
developed upper airway obstruction after cervi-
cal spine fixation may be extremely difficult,
particularly if the neck has been immobilized in
a device that interferes with access and vision.
Efforts to maintain oxygenation may result in
undesired movement of the unstable neck and
damage to the cord. It is therefore imperative
that the patient is able to maintain a safe airway
before extubation, and in some cases an elective
tracheostomy performed at the time of surgery
may be advisable.

Post-operative hematoma formation in the
neck, although fortunately rare, can severely
compromise the airway. Not only does the
hematoma compress and distort the airway;
it may interfere with venous and lymphatic
drainage, resulting in edema of the airway.
Decompression of the hematoma may not
relieve the obstruction if there is significant
airway edema, and re-intubation may be req-
uired but may be very difficult due to distortion
and swelling of the tissues. A high morbidity
may be associated with such cases [29]. Because
of the danger of airway obstruction, all patients
who have had cervical surgery should be cared
for in a high-dependency environment with
close nursing supervision and frequent moni-
toring. Those who have had extensive proce-
dures will need full intensive care.
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Emergency Neuroanesthesia

Neurosurgical patients who require emergency
anesthetic intervention fall into two groups.
There are those who present with, or who have
suffered an acute deterioration of, a condition
of the brain or spinal cord. These patients
may have compromised ventilation or other
system failure as a consequence of their primary
disease. They have the potential for aspiration
of stomach contents if they have lost protective
airway reflexes or if they are anesthetized
without specific measures to prevent regurgita-
tion. They may be hemodynamically unstable
because of dehydration, sepsis or interference
with autonomic reflexes. They may have specific
effects of a disease process that affects a number
of organ systems (e.g. rheumatoid disease,
metastatic carcinoma).

The other group of neurosurgical patients
are victims of trauma in whom neurological
damage may be only one of a number of life- or
limb-threatening conditions. In these patients
there may be several injuries that compete for
intervention, but appropriate management of
one may be detrimental to the management
of others. A methodical and coordinated
approach will minimize the risk of missing
serious injuries and will treat life-threatening
injuries in appropriate order of priority.
Management of the multiply injured patient
must initially focus upon the ABC (airway,
breathing and circulation) of basic life support.
Implicit in management of the airway is avoid-
ance of unnecessary movement of a potentially
unstable cervical spine. However, hypoxia and
aspiration of gastric contents into the lungs are
more certain killers than theoretical cervical
instability. Aggressive management to maintain
cerebral perfusion pressure in these patients
appears to be associated with improved out-
come [30]. Novel therapies that may decrease
secondary injury may have a place in the future.

Anesthesia for Awake
Craniotomy

In these procedures the patient is required to be
responsive and cooperative so that immediate
assessment of the function of areas such as the
motor cortex or speech areas can be made
during resection of tissue close to, or involving,
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these areas. However, until the brain tissue is
exposed and after the intended resection is com-
pleted, sedation or anesthesia can be adminis-
tered to improve patient acceptability during
such phases of the procedure as scalp incision,
drilling of the skull, fashioning of the bone flap
and closure. In the past, neurolept techniques
(using fentanyl, alfentanil or sufentanil) were
generally used, but short-acting opioid and
propofol combinations are now the norm. The
airway may be secured with the laryngeal mask
airway, which is removed for the awake part of
the procedure. Additional local anesthetic infil-
tration is given to reduce the stimulation of
insertion of cranial pins and scalp incision.
Monitoring must be of the same intensity as for
conventional craniotomy as complications such
as venous air embolism, airway obstruction and
convulsions can occur. The anesthesiologist
must have a full understanding of surgical
intentions in order to anticipate the need to
alter the depth of sedation appropriately. Very
close cooperation between the surgeon and
the anesthesiologist is absolutely essential to the
success of this procedure.

Key Points

« The complex interplay between the effects of
drugs and physiological variables during clin-
ical neuroanesthesia makes the interpretation
of experimental data from the use of particu-
lar anesthetic drugs in isolation difficult.

& Moderate hyperventilation reduces CBF and
brain volume. Extreme hyperventilation may
be associated with critical reduction in flow to
compromised areas and focal ischemia.
Intravenous anesthetics generally decrease
cerebral metabolism, CBF and ICP. Inhala-
tional agents are all cerebral vasodilators.
The overall effect on CBF depends on a
balance between the concentration of the
inhalational agent and the degree of hyper-
ventilation.

® Pharmacological brain protection has been,
so far, disappointing.

# Adequate monitoring must be used when
patients are sedated. Supplemental oxygen,
equipment and drugs to support the airway,
breathing and cardiovascular system must be
readily available.
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# Close cooperation between the surgeon and
the anesthesiologist is absolutely essential.

Self-assessment

[0 What are the three components of general
anesthesia? Which of these is most important
for neuroanesthesia?

[J How might rapid awakening at the end of
surgery be best achieved?

[J Which patients may require post-operative
ventilation?

U0 How may anesthetic agents and techniques
contribute to neuroprotection?

U Discuss the implications of the use of
induced hypotension in aneurysmal surgery.

[0 What is the rationale for pre-operative star-
vation? What precautions are needed for
emergency anesthesia?
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Neurosurgical Intensive Care
Tessa L. Whitton and Arthur M. Lam

Summary

Neurological disease frequently has multiple
systemic manifestations, and management
of patients with critical neurological illness
requires a multidisciplinary approach with
meticulous attention to organ dysfunctions.
Many of these patients will suffer a poor
outcome not as a result of the primary neuro-
logical disease, but as a result of medical
complications. Thus, improvement of the
intensive medical care of these patients will
lead to an overall improvement of morbidity
and mortality.

Introduction

The prevention of secondary insults to the
central nervous system and close monitoring of
neurological function are mainstays in the treat-
ment of patients requiring neurosurgical care.
The neurosurgical intensive care unit provides
a setting for an integrated approach to the care
of these patients and an organizational frame-
work for delivery of this care. It represents
the continuum of care applied to monitoring
and treatment modalities instituted prior to or
during surgery, which is essential for optimal
recovery. Early treatment of complications may
reduce morbidity from secondary insults; the
intensive care unit should provide conditions
for the rapid recognition and management of

such complications. This chapter will discuss
the theory and practice of intensive care man-
agement of the neurosurgical patient, with
reference to general principles and specific
neurological conditions.

Basic Physiological Concepts

Intracranial Pressure

The skull and vertebral canal form a rigid cov-
ering for the brain, spinal cord, cerebrospinal
fluid (CSF) and blood. All of these intracranial
compartments are non-compressible, thus the
intracranial volume is essentially constant (the
“Monro-Kellie doctrine”). Volume expansion
of any compartment can only occur at the
expense of compression of other compartments.
The only buffering capacity is secondary to
compression of the venous sinuses and the
caudal displacement of CSF to the lumbosacral
axis. Once this is exhausted, any tendency to
increase volume in any of the compartments
(as in an expanding mass) will result in an
increased intracranial pressure (ICP).

The compliance of the intracranial system is
often expressed as the “compliance curve” by
plotting ICP against the expanding volume,
although it should more accurately be described
as the “elastance curve” (Fig. 5.1). A steep curve
implies increased elastance or decreased com-
pliance, as occurring with a rapidly expand-
ing mass, as in a subdural or intracranial
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Fig. 5.1. Intracranial compliance curve.

hematoma. This “compliance” can be quantified
by adding or withdrawing a known volume of
saline to the CSF via a ventriculostomy, and
noting the rise in ICP - the volume pressure
response.

Elevation of ICP decreases cerebral perfusion,
and may result in secondary ischemia, as the net
cerebral perfusion pressure (CPP) is determined
by the difference between mean arterial blood
pressure (MAP) and ICP. (CPP = MAP - ICP or
MAP - JVP, where JVP = jugular venous pres-
sure. This applies when the cranium is open and
ICP is zero.) In addition to its effect on CPP, an
elevated ICP can also result in herniation.
Although a clear-cut threshold cannot be deter-
mined, an elevated ICP >30 mmHg is associated
with an increased risk of transtentorial or brain-
stem herniation. Thus monitoring and treat-
ment of ICP is of paramount importance in
the ICU.

In patients with spinal cord injury, the perfu-
sion pressure to the cord is similarly determined
by the difference between MAP and CSF pres-
sure. Although most cord-injured patients
present with complete lesions, anatomical dis-
ruption is rare, and maintenance of adequate
perfusion is important to preserve cord func-
tion to ischemic regions proximal to the main
site of injury.

Cerebral Blood Flow, CO, Reactivity
and Cerebral Autoregulation

Reduction in cerebral blood flow (CBF) is one
of the major causes of secondary cerebral
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ischemia in the damaged or edematous brain.
Under normal circumstances CBF is tightly con-
trolled by homeostatic mechanisms. Normal
CBF is approximately 50 ml/100 g/min, coupled
to a cerebral metabolic oxygen consump-
tion rate of 3.2 ml/100 g/min. In patients with
brain injury, CBF of 18-20 ml/100 g/min is gen-
erally considered to be the ischemic threshold,
below which secondary injury may occur,
although cellular integrity is usually preserved
until CBF is <8-10 ml/100 g/min. Many factors
control the cerebrovascular tone, including
endothelial factors (nitric oxide, endothelin),
cerebral metabolism, neurotransmitter release,
systemic blood pressure, blood carbon dioxide
content, blood viscosity and humoral sub-
stances. In physiological terms the important
considerations include flow-metabolism cou-
pling, CO, reactivity, and pressure autoregula-
tion. Under normal circumstances, blood flow
to the brain is tightly coupled to its metabolism,
globally as well as regionally. The cerebral
vasculature is exquisitely sensitive to carbon
dioxide, changing by 3-4% per mmHg change
in P,CO,. In contrast, P,0, has a negligible effect
on CBF. Although the molecular mechanism of
cerebral autoregulation remains unknown, CBF
is generally maintained constant between CPP
of 50-150 mmHg. Blood flow becomes pressure-
dependent at blood pressures outside the
normal range, and this flow-pressure curve is
shifted to the right in the presence of chronic
hypertension. The purported mechanisms of
autoregulation control include metabolic feed-
back and myogenic feedback.

Intracranial pathology may impair one or
more of these homeostatic mechanisms [1]. CO,
reactivity appears to be more robust than
autoregulation, and is frequently preserved even
with severe brain injury. With the exception of
arteriovenous malformation and vasospasm
(see below), the loss of CO, reactivity is gener-
ally associated with a poor prognosis.

Cushing’s Response

CBF changes according to the formula:

CBF = CPP/ CVR
or (MAP - ICP) / CVR

where CVR is the cerebral vascular resistance.
With elevation of ICP and compression of
the brainstem, compensatory changes involving
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both MAP and CVR may occur. This compen-
satory rise in MAP, effected by increased sym-
pathetic discharge from the vasomotor center in
response to a rise in ICP causing brainstem
ischemia, was first documented in 1901 by
Cushing and is known as “Cushing’s response”.
While MAP increases as a result of increased
systemic vascular resistance, cerebral vasodila-
tion occurs in response to the decrease in CPP
as the autoregulatory compensatory response.
However, with decreased intracranial compli-
ance (increased intracranial elastance), this
vasodilation may lead to further increase in ICP
and reduction in CPP.

Critical Closing Pressure

The CPP has traditionally been calculated as the
difference between MAP and ICP or JVP and
thus may easily be derived when ICP is moni-
tored. Although not a frequent occurrence,
regional compartmentalization of ICP may
result in regional variation in CPP, and hence in
CBF. Moreover, when venous pressure is ele-
vated or higher than ICP, both the arterial
inflow from the systemic driving force (MAP)
and the venous outflow need to be considered
in order to optimize CPP.

On the basis of studies of other organs and the
peripheral circulation, it can be demonstrated
that the critical closing pressure (CCP), located
at the arteriolar level, determines the down-
stream pressure in the vasculature of that organ.
The cerebral CCP is defined as the arterial pres-
sure threshold below which arterial vessels col-
lapse, and is determined by both the ICP and the
cerebral arterial tone. Thus CCP is the minimum
perfusion pressure necessary to keep the cere-
bral vessels open. This is influenced by the
surrounding extrinsic pressure (ICP) as well as
by any distal resistance (e.g. jugular venous
obstruction). This is not an easily quantifiable
variable, but it represents the overall down-
stream resistance of the cerebral vasculature,
and may be a more important determinant of
CPP than ICP (i.e. CPP = MAP - CCP) [2].
Complex relationships therefore exist between
ICP, systemic blood pressure, cerebral metabo-
lism and CBF, all of which must be taken into
consideration in the intensive care management
of neurosurgical patients. These principles
apply whether the patients had suffered trau-
matic brain injury, subarachnoid hemorrhage
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or ischemic stroke. Recent advances in moni-
toring modalities, which will be discussed later
in the chapter, have made it theoretically possi-
ble to manipulate ‘real-time’ information to
optimize treatment of these patients.

Management of Elevated
Intracranial Pressure

Intracranial hypertension is defined as an ICP
>15 mmHg. A progressive rise from this level,
or sustained ICP >20 mmHg, should prompt
investigation and treatment. A progressive
rise in ICP may indicate the development of
hemorrhage/hematoma, edema, hydrocephalus
or a combination of these causes, and an imme-
diate CT scan is indicated. A sustained elevated
ICP increases the risk of secondary injury from
ischemia and/or herniation.

In patients with surgically correctable pathol-
ogy, such as subdural/epidural/intracerebral
hematoma, or hydrocephalus, prompt surgical
treatment is indicated. In other patients ICP
can be effectively controlled by manipulating
the different compartments of the intracranial
contents. In patients refractory to medical man-
agement, decompressive craniectomy is indi-
cated. These approaches are discussed below
and summarized in Table 5.1.

Reduction of Cerebral Blood
Volume

Head Elevation

Elevation of the head of the bed to an angle
of 20-30° reduces ICP by optimizing cerebral
venous return. However, in hypovolemic
patients, head elevation may cause a decrease in
the CPP. If normovolemia is maintained, eleva-
tion to 30° has been shown to decrease ICP
without compromising CPP or CBF in head-
injured patients.

Care should be taken to avoid obstruction of
cerebral venous return by cervical collars or
endotracheal tube ties, and to keep the head
maintained in the neutral position.

In patients with preserved cerebral autoregu-
lation, elevation of MAP will lead to compen-
satory vasoconstriction with reduction of ICP.



Table 5.1. Treatment of elevated ICP

Conventional measures
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1. Elevation of head and relief of potential venous obstruction

. Elevation of MAP (if appropriate)

. Fine-tune the level of PEEP, if applicable.
. Maintain normovolemia.

VooV B W N

. PO, of 30-35 mmHg, or 25-30 mmHg if there are signs of brain herniation

. Mannitol 0.5-1.0 g/kg q. 6 h prn and furosemide 20 mg prn. Keep serum osmolality <320.
. Maintain hypovolemia; monitor CVP, if possible.

. Ventriculostomy for drainage of CSF, if applicable.

. Sedation with opiates, benzodiazepines and/or propofol

Aggressive measures (in patients refractory to conventional measures)

1. Induction of hypothermia to 33-34°C

2. Maximal EEG suppression with induction of propofol or barbiturate coma
3. Hyperventilation to P,CO, of 20-25 mmHg (monitor 5,0, or £,0,)
4, Hypertonic saline (3% or 7.5% 25-50 ml/h); monitor serum sodium

Extreme measures
1. Decompressive craniectomy
2. Excision of infarcted tissues + lobectomy

This can be accomplished with maintenance of
normovolemia and infusion of phenylephrine at
1-10 pg/kg/min, or norepinephrine at 0.05-0.2
pg/kg/min.

Hyperventilation

Because of the exquisite sensitivity of CBF to
P,CO,, hyperventilation will reduce CBF, and
concomitantly cerebral blood volume (CBV),
resulting in an acute decrease in ICP. Although
the acute reduction in ICP and improvement in
CPP is theoretically desirable, and hyperventi-
lation has been traditionally used as an effective
treatment modality, in recent years the concern
for the risk of cerebral ischemia has curtailed
its use. CBF studies have demonstrated that
even moderate hyperventilation may increase
brain regions with CBF below the ischemic
threshold [3]. Reduction of jugular venous
oxygen concentration (§;,0,) and brain tissue
PO, (P,,0,) have also been repeatedly demon-
strated in studies in head-injured patients.
Moreover, in the only randomized controlled
trial conducted on this therapeutic modality,
prophylactic hyperventilation has been shown
to be associated with adverse outcome. Thus the
Brain Trauma Foundation Guidelines suggest
that hyperventilation should not be used for the

management of patients with head injury,
unless the ability to monitor independently for
evidence of cerebral ischemia is available (CBF,
5,0, or P, 0,). In addition, because of normal-
ization of pH in cerebrospinal fluid, the efficacy
of hyperventilation on CBF, CBV and ICP
declines after 24 hours. However, despite these
studies, the issue of hyperventilation remains
controversial. Whereas it is clear that a low
P,CO, would lead to a reduction in CBF, result-
ing in regions with CBF approaching or below
the ischemic threshold, the definitive evidence
of “ischemia” is lacking. Using positron emis-
sion tomography, Diringer et al. were unable to
demonstrate any decrease in cerebral metabolic
rate or change in the pyruvate-lactate ratio with
acute hyperventilation, suggesting that the low
basal metabolic rate of brain-injured patients
paradoxically “protects” these patients from the
low CBF [4]. As we await more definitive evi-
dence on hyperventilation, PaCO, is best main-
tained at 35-40 mmHg. In acute situations
where there is impending or ongoing brain her-
niation, hyperventilation to P,CO, of 20-30
mmHg is warranted. However, this should be
viewed as a temporizing measure while waiting
for definitive therapy. For maintenance, P,CO,
should be kept at 30-35 mmHg. Xenon CT
and SPECT (single-photon emission computed
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tomography) may be useful in gauging regional
CBF response to hyperventilation.

Elevation of Blood Pressure

In patients with intact cerebral autoregula-
tion and decreased intracranial compliance,
decrease in systemic blood pressure will lead to
compensatory vasodilation and an increase in
CBV [5]. This will lead to a further decrease
in CPP, with a spiraling downbhill effect and pro-
gressive decrease in net cerebral perfusion. On
the other hand, patients with impaired cerebral
autoregulation may exhibit an increase in ICP
with increase in blood pressure. Since it is not
possible to predict the presence or absence of
autoregulation, it is important to maintain
an adequate or even elevated systemic blood
pressure to delineate the ICP response.

Reduction of Brain Mass

Because of the presence of the blood-brain
barrier, which is relatively impermeable to
sodium and chloride ions, the movement of
water into and out of the brain cells is primar-
ily determined by the osmotic gradient. An
effective osmotic diuretic that is frequently used
to treat elevated ICP is 20% mannitol. Given as
a bolus at 0.5-1.0 g/kg, the action is immediate
in onset, but peaks at 30 minutes, lasting for
about 90 minutes. The loop diuretic, furose-
mide, potentiates the actions of mannitol, may
also have direct ICP lowering effects, and is
often given as an adjunct. The effects of manni-
tol on systemic hemodynamics are complex,
with initial reduction of systemic vascular resis-
tance, followed by intravascular volume expan-
sion, which may be accompanied by systemic
hypertension. Patients with poor cardiac func-
tion may develop acute pulmonary edema with
infusion of mannitol. With the onset of diure-
sis, contraction of intravascular volume occurs,
and this would result in hypotension if fluid
replacement is inadequate. The complications
from mannitol therapy include fluid overload,
dehydration and renal failure.

During mannitol therapy, electrolytes and
serum osmolality should be monitored fre-
quently, and serum osmolality should not
exceed 320 mOsm. Although the primary mech-
anism of mannitol is based on the osmotic gra-
dient, it may also cause reflex vasoconstriction
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and reduce CSF production. Patients who
become refractory to mannitol often would
respond to hypertonic saline infusion (3% or
7.5%). Despite numerous clinical reports attest-
ing to its efficacy, there have been no random-
ized clinical trials on the use of hypertonic
saline, and rebound intracranial hypertension is
a potential complication.

In patients with vasogenic edema associated
with tumor, steroids are effective, and dexam-
ethasone 10 mg is generally given every 6 hours.
Steroids in general are considered to be con-
traindicated in patients with traumatic brain
injury and ineffective in patients with sub-
arachnoid hemorrhage or ischemic stroke. In
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