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Abstract

The neurological determination of death (NDD) is primarily considered to be clinical.
However, situations may arise where confounding factors make this clinical assessment
difficult or impossible. As a result, ancillary tests have been developed in order to aid in the
confirmation of brain death. As assessment of neuronal electrical activity (EEG) is no
longer recommended in this determination, tools assessing cerebral perfusion, as reflected by
the presence or absence of brain blood flow (BBF), are the mainstay of NDD. The
preferred ancillary test currently is HMPAO SPECT radionuclide angiography. When this is
not available, or is equivocal, 4-vessel cerebral angiography can be used to determine the
presence or absence of intracranial blood flow. However, as cerebral angiography has its
own limitations, other techniques are sought by physicians in the Intensive Care and Neuro-
intensive Care settings to replace cerebral angiography. In this article, we briefly review the
history of diagnosis of brain death, pathophysiologic issues in making this determination,
and currently available CBF imaging techniques, discussing each in turn with respect to their
utility in the diagnosis of brain death.

Methods

A literature review based on a MEDLINE search of relevant articles between January 1966
and October 2006 was conducted. Keywords included the following: brain death,
neurological determination of death, CT, MRI, perfusion, xenon, transcranial Doppler,
radionuclide, brain blood flow, angiography, stroke, ischemia, and infarction. Search
parameters were combined to find articles relevant to the discussion of perfusion and/or
angiographic imaging in the evaluation of brain death.

Introduction

Brain death. The very concept has stirred much debate for decades. Referred to as “coma
depasse” (beyond coma) by Mollaret and Goulon in 1959", the first formalized definition of
brain death was by the Ad Hoc Committee of the Harvard Medical School in 1968% Since
then, there has been a greater understanding of neuronal function and mechanisms of brain
cell injury®“, with the emergence of a concept of “death of the person rather than the body”,
as described by Bonetti ¢t al°. Brain death is now considered as complete and irreversible
loss of brain function®, or as the Canadian Neurocritical Care Group defined it in 1999,
“the irreversible loss of the capacity for consciousness combined with the irreversible loss of
all brainstem functions including the capacity to breathe™*. Avrticles, such as those by Baron
et al.*2 and Bernat™, nicely review the concept of brain death, as well as discuss continuing
areas of controversy, such as whole-brain death versus death of the brain stem. As modern
medicine can now allow survival of an individual in situations once considered hopeless,
knowing the evolution of the concept of brain death is important in order to keep
perspective on the person, rather than the body.



Principles of Cerebral Perfusion

The cerebral circulation refers to the blood vessels in the brain, both arterial and venous.
Brain blood flow (BBF) refers to the amount of blood that enters the brain over a period of
time. The human brain uses approximately 20% of the cardiac output. CBF is tightly
regulated to meet the brain's metabolic demands, and on average must be maintained at a
flow of 50 milliliters of blood per 100 grams of brain tissue per minute (50ml/100gm/min)
119 With reduction in CBF, there is proportionately increasing oxygen extraction from
delivered blood. Furthermore, in brain starving for oxygen, at a threshold of greater than
50% reduction in CBF, or close to the level of CBF reduction associated with clinical
changes, there is an increase in lactate production from anaerobic metabolism® # . Complete
suppression of protein synthesis appears to occur below CBF values of 35 mL/100g/min.
Glucose utilization transiently increases between flow rates of 25-35 mL/100g/min, with a
precipitous decline below this range. Below 25 mL/100g/min, tissue acidosis becomes more
pronounced as anaerobic glycolysis dominates, and intracellular phosphocreatine and ATP
also decline (Hossmann, 1994). CBF must drop to less than 20ml/100gm/min to get
ischemic neuronal activity reduction and reversible neuronal changes®. This is when a
person typically becomes clinically symptomatic of their ischemic neurovascular condition.
Experimental studies in cats® and primates®, and clinical studies performed during carotid
endarterectomy surgery in humans® have shown loss of spontaneous and evoked electrical
activity when CBF values fall below 16-18 mL/100g/minute. CBF values less than
10ml/100gm/min result in irreversible ischemic neuronal damage, as reflected by membrane
failure **'" % CBF values between 10-20 mL/100gm/min are deemed the “ischemic
penumbra”, and represent neuronal tissue which may potentially be salvaged, if flow
restoration occurs before irreversible damage set is. On the other hand, CBF in excess of
50ml/100g/min is termed hyperemia and can contribute to an increase in intracranial
pressure (ICP) which can secondarily lead to ischemia®.

CBF is determined by a number of factors, including blood viscosity, blood vessel caliber,
and cerebral perfusion pressure (CPP). CPP is the net pressure of blood flowing into the
brain and is determined by subtracting the ICP from the systemic mean arterial blood
pressure (MAP)?.  Cerebral blood vessels are able to self-regulate CBF through
autoregulation”, a process in which blood vessels constrict when systemic blood pressure is
raised and dilate when blood pressure is lowered®. When pressures are outside the range of
60 to 150 mmHg, the blood vessels' ability to autoregulate pressure through dilation and
constriction is lost, and cerebral perfusion is determined by blood pressure alone, a situation
called pressure-passive flow?. Arterioles also constrict and dilate in response to different
metabolite concentrations in the local environment®, For example, they dilate in response to
higher levels of carbon dioxide and H+ in the blood. CPP in an adult human cannot go
below 60-70 mmHg for a sustained period of time without causing ischemic brain injury*” .

The Role of Ancillary Tests
Brain death is a clinical diagnosis. As such, many authors have previously outlined the

clinical criteria for brain death' ** 3!, Important aspects of the clinical examination in brain
death, such as apnea testing, have recently been reviewed®”. However, many confounding



factors exist (Table 1). The clinical diagnosis of brain death may be extremely difficult in
young children and neonates®. Additionally, features of the clinical exam may not be able to
be safely implemented. It may not be possible for a patient to undergo an apnea test. Those
patients with eye injuries may not allow for appropriate assessment of pupillary, corneal, or
vestibulo-reflex testing. Those with perforated tympanic membranes will not be able to
undergo ice water caloric testing for vestibulo-ocular reflexes. As a result, although
confirmatory testing is not mandatory in North America, there has been much interest in
ancillary tests for aiding in the diagnosis of brain death when specific components of the
clinical examination cannot be reliably performed® . Indeed, in certain European, Central
and South American, and Asian countries, legislation requires ancillary tests as part of the
diagnostic criteria for establishing brain death® ®,

The Ideal Ancillary Test

The ideal ancillary test must fulfill several criteria (Table 2). There must be no false
positives, and very few false negatives”. In addition, testing that could be done at the
bedside would be best, as this would avoid transferring potentially hemodynamically unstable
patients from the Intensive Care Unit (ICU)*. The objective of ancillary testing is to
determine the point of cessation of cerebral circulation®*". Through considered application
of ancillary tests, cases where the clinical diagnosis of brain death is confounded can be
assessed. Earlier determination of brain death may then allow for avoidance of protracted
stays in the ICU, and potentially expedite organ donation before tissue viability becomes a
concern.

Types of Ancillary Testing in Brain Death

There are several types of ancillary tests currently available that can assess cerebral perfusion
and its effects on the brain parenchyma. These tests differ on the basis of availability,
reproducibility, reliability, and sensitivity. Whereas certain tests such as radionuclide
angiography are relatively easy to administer, other examinations, such as 4-vessel cerebral
angiography, require transportation of the patient to specialized areas of the hospital outside
the ICU and involve subspecialty expertise in order to perform and analyze the
examinations. The decision to use one ancillary test over another is therefore dependent on
many factors, including safety of the patient, sensitivity and specificity of the examination,
and availability of the ancillary test. Existing literature regarding the use of some of these
tests in the setting of brain death can be found in Appendix A, while Appendix B provides a
comparative overview of existing tests assessing cerebral perfusion. In short, though several
of the ancillary tests currently available meet many of the criteria outlined in Table 2, none
are ideal.



Examinations Assessing Brain Structural Changes
Computed Tomography

Computed tomography (CT) is a powerful modality for evaluating neurologic disorders. It is
readily available, rapidly performed, and does not necessarily require subspecialty expertise to
interpret. In the setting of brain death, the classical non-contrast CT head (NCCT) findings
have been well described®. These include: diffuse cerebral edema, loss of differentiation
between the gray and white matter structures globally, and herniation patterns resulting from
the cerebral edema. Dominguez-Roldan et al.* concluded that two signs on NCCT were
significantly associated with brain death. These were midline shift of greater than 10 mm,
and compression of the ambient cistern. Geraghty and Torbey“ conducted a study assessing
the prognosis of patients becoming comatose after cardiac arrest. In their article, they
describe the use of a gray matter-to-white matter Hounsfield attenuation ratio (GM:WM),
with a cutoff of 1.18. Using this cutoff, 100% of those patients with GM:WM ratios of
<1.18 died, whereas 54% of those above this cutoff survived. However, despite the ability
of NCCT to depict changes reflecting parenchymal injury, it is not sensitive or specific
enough to be used as an ancillary test for determination of brain death.

The concept of using an intravenous contrast-enhanced CT head examination (CECT) in the
assessment for brain death is not new®”**3, Tan and collegues® directly compared cerebral
angiography with dynamic NCCT and CECT examinations in five patients clinically
confirmed as brain dead. They found that the intracranial circulatory arrest associated with
brain death in these patients resulted in no contrast opacification intracranially, whereas
normal circulation was present in the scalp (supplied by external carotid artery branches).
Dupas and others® also demonstrated stagnation and arrest of contrast flow at the level of
the internal carotid and vertebral arteries on their two-phase helical CT examinations.
However, they also confirmed that the superior sagittal sinus could be seen in up to 50% of
their study population, presumably opacifying via meningeal artery perfusion or trans-diploic
emissary veins draining the scalp tissues to the superior sagittal sinus. The internal cerebral
veins, vein of Galen, and straight sinus were never opacified in their study.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has revolutionized neuroimaging and its use in evaluating
virtually every type of neuropathological state is beyond debate. Much like in CT, the
classical findings on MRI in clinically confirmed brain death include brain swelling, various
herniation patterns, obliteration of the CSF spaces, and compression of the ventricular
system® **, The ratio of signal intensity between the gray and white matter has been noted
to increase after the clinical diagnosis of brain death*" ** and serial examinations performed
in a patient proceeding on to clinical brain death have demonstrated these temporal changes
in progressive brain failure®®. As MRI is superior to CT in the evaluation of flowing blood,
this feature has been examined as well. Jones and Barnes* confirmed absent CBF on flow-
sensitive gradient-echo sequences. This lack of intracranial arterial flow voids has also been
documented by others®™ * *,  Diffusion-weighted imaging (DWI) may also be potentially
useful tool in the assessment of brain death. McKinney and colleagues® nicely reviewed the
histopathologic correlation of brain tissue infarction with DWI findings and Kumada and
colleagues found a significant drop in the ADC values of the involved parenchyma in those
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with a clinical diagnosis of brain death®, also shown by Nakahara and others®. It is
suggested that the white matter may demonstrate greater ADC reduction following brain
death than the gray matter™ %2, However, DWI lacks the sensitivity and specificity necessary
to accurately predict global brain function on the basis of regional DWI changes.

Magnetic resonance spectroscopy (MRS) has also been applied in the evaluation of brain
death® “*5*¥" The MRS findings have been variable, with no characteristic pattern typical of
brain death. Though certain derangements of metabolites, such as the production of lactate,
would be expected as neuronal death occurs®, these changes become clearly abnormal fairly
late after the clinical diagnosis of brain death®, or may not always be visible on MRS, Non-
proton MRS, such as sodium or phosphorus-based techniques, may be potentially more
powerful in the assessment of brain death, as they may allow imaging of the ATP-dependent
pathways or neuronal membrane integrity>®. However, the practical application of these
techniques has not yet been validated. Therefore, much like routine CT, conventional MR,
even with DWI and MRS, lacks the sensitivity and specificity to be useful as an ancillary test
in the evaluation of brain death.

Ancillary Tests for Cerebral Perfusion:

The other category of ancillary testing revolves around the general concept that brain tissue
not receiving blood flow will eventually suffer irreversible damage, leading ultimately to brain
(and brain stem) death. This dependence on cerebral perfusion suggests that tools able to
accurately assess the presence or absence of CBF would be helpful in the determination of
brain death, as would those tests able to demonstrate neuronal viability. However, whereas
the absence of CBF is considered to be an accurate marker of brain death, a person may be
brain dead despite the presence of CBF.

There are two patterns of brain death which may occur, as proposed by Palmer and Bader*.
One pattern is manifest by an elevation of intracranial pressure (ICP) to a point exceeding
the mean arterial pressure (MAP). As a result, no net CBF is present, eventually leading to
permanent cytotoxic injury of the intracranial neuronal tissue. It would then follow that
tests relying on demonstrating the presence or absence of CBF could be used to determine
brain death in this particular pattern.

The other pattern Palmer and Bader describe is one where the ICP does not exceed the
MAP, with maintenance of cerebral perfusion pressure to values where CBF should be
sufficient to provide the brain with the necessary oxygen, glucose, and other nutrients to
allow its survival. In this pattern, there is an intrinsic pathology affecting the brain’s neurons
on a cellular level which, if widespread and sustained, can also result in brain death. Such a
pattern of brain death would be best assessed by a tool able to determine neuronal
function/viability. As CBF would be present in this pattern, tests relying on its absence for
determination of brain death would be falsely negative in this setting.

It is important to note that one of the major reasons for the markedly elevated ICP is diffuse
intracranial parenchymal swelling. Though the ICP must exceed the MAP for no cerebral
perfusion to be present, this swelling is not an indefinite phenomenon. Gradually, the



swelling will subside and, if the patient is able to still maintain a reasonable MAP, CBF may
eventually return. The clinical diagnosis of brain death would still be made in this setting,
and tests for neuronal viability/function would also be able to accurately determine this.
However, tests relying on CBF could again be falsely negative, suggesting that there may be a
time-sensitive nature to the examinations using CBF as a marker of brain death.

There may also be situations where an elevation in ICP resulting in cessation of CBF may
not be present. This may occur as a primary phenomenon, as in the case of catastrophic
brainstem or cerebellar pathology***%. Alternatively, this may occur when the rise in ICP has
been compensated for or alleviated in some manner. This is a common phenomenon in
infants who, because of their open fontanelles and soft, deformable skulls, may show only an
attendant increase in their head circumference as a result of situations which would typically
cause a markedly raised ICP in those patients with a “closed” cranial vault. Post-traumatic
skull fractures may also allow decompression of raised ICP*. Surgical procedures, such as
decompressive craniectomies®® and placement of ventricular drains®®, are deliberately done
to lower the ICP. As a result of these situations, CBF may be maintained, despite non-
viability of the brain itself.

In summary, though the sustained absence of CBF will eventually lead to brain death,
situations where CBF can be maintained despite documented brain death exist®®. It is
important to understand the situations in which these false negative results may arise in
order to assess the results in context and consider other options for confirmation of brain
death.

Tests for Determining CBF
Non-Imaging Methods of CBF Evaluation

Non-imaging methods have been used to assess the adequacy of cerebral perfusion. These
methods require evaluation of arterial blood gases, as well as the venous blood leaving the
brain, as sampled through a catheter placed in the internal jugular bulb. Referred to as the
“cerebral oxygen extraction”®, the arteriojugular oxyhemoglobin saturation difference allows
for correlation of CBF with the degree of oxygen utilization by the brain tissue, as a whole.
Others have further augmented this evaluation by also assessing the venoarterial difference
in carbon dioxide tension®. In addition, Artru et al.** found that monitoring of the jugulo-
arterial lactate difference, as well as the lactate oxygen index, showed that these parameters
potentially became abnormal before cerebral perfusion pressure. Palmer and Bader*
describe another method which requires placement of specialized brain tissue monitors for
following brain tissue oxygenation. In their study of 72 patients, they demonstrated that
brain tissue oxygenation fell to 0 in all patients who were diagnosed as brain dead (clinically
and on nuclear medicine imaging), and that all patients with brain tissue oxygenation of 0
were later diagnosed as brain dead. They were able to accurately determine when brain
tissue oxygenation fell to 0, even in the setting of adequate cerebral perfusion pressure.

Such non-imaging methods are subject to several limitations. They are invasive and
intensive tests, requiring a thorough understanding of cerebral hemodynamics. No anatomic



correlate is provided with these techniques. Also, some techniques are inherently focal
parenchymal examinations, with the results then being generalized to the whole brain®.

Imaging Methods of CBF Evaluation
Cerebral Angiography

Among the techniques for determining CBF, cerebral angiography is classically considered to
be the reference standard for imaging brain death. Experience in this setting dates back to a
landmark paper published by Heiskanen in 19647, with numerous authors since contributing
to the body of knowledge regarding 4-vessel cerebral angiography as an ancillary test in the
determination of brain death® " ** ™7 |t is relatively simple to perform, can be done within
30-60 minutes, and is relatively straight-forward to interpret. Though early cerebral
angiography examinations for brain death were actually done using iodinated contrast
injections in the aortic arch, the currently accepted method of assessment is done with
separate contrast injections performed in both common or internal carotid arteries, as well as
in both vertebral arteries. Classical angiographic findings in brain death are summarized in
Table 3, and include the lack of contrast opacification of the internal carotid arteries beyond
the supraclinoid segment, and filling of the vertebral arteries to, but not beyond, their dural
penetration.

Despite cerebral angiography being considered the “gold standard” for determination of
CBF, there are many concerns with its use®. Cerebral angiography requires specialized
neuroradiologic expertise to perform and interpret the procedure. It is an invasive test,
requiring the placement of a catheter into the arterial circulation, with injections performed
in the cerebrovascular arterial system. Although the risk of procedural complications is low,
the potential exists for vessel damage anywhere along the course of the catheter. As well,
the patient must be transported to the Radiology Department for the procedure, with the
attendant risks this may bring. Its availability is not always immediate, and the cost
associated with this examination is not low. Although no false positive cases have been
reported, false negative examinations may occur if cerebral angiography is performed on a
patient in whom there is no significant elevation of the ICP*, or if angiography is performed
in a manner where contrast is injected too vigorously into the downstream circulation,
thereby artifactually opacifying the intracranial vasculature” *. Controversy also exists
regarding the potential for iodinated contrast to damage transplantable tissues, such as the
kidneys®. As such, though cerebral angiography is a reliable and accurate examination, other
options are preferred.

Radionuclide Angiography

In many ways, radionuclide angiography is the ideal ancillary test in the determination of
brain death” ¥ 3t 3. 47 & 7476 1t js safe, noninvasive, and portable. It is reliable and
reproducible, and is in total agreement with cerebral angiography””. When combined with
HMPAO SPECT, it has been validated for use in the setting of brain death evaluation™ .
Several good articles review the technique for performing HMPAO SPECT radionuclide
angiography as well as expected findings in the setting of brain death’™ ®. Briefly, there
should be no intracranial flow on the dynamic phase of imaging, with no uptake of
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radionuclide within the brain tissue on planar and SPECT imaging. This is referred to as the
“empty skull” sign. Because of the maintained external carotid artery perfusion, the nasal
region can be quite prominent. This is referred to as the “hot nose” sign. Variable
visualization of the superior sagittal sinus may occur” *, due to flow in the meningeal
arteries and/or drainage of scalp venous blood via transosseous emissary veins. |If focal
residual brain perfusion is seen, this is interpreted as not confirmatory of brain death and a
repeat HMPAO SPECT study is typically performed in 24-48 hours. This residual activity
may be seen in two fairly distinct distributions, as described by Facco et al”®. Perfusion may
be seen in isolated hemispheric structures, such as the thalami or basal ganglia. This is
usually seen in children or in adults with skull defects. Persistent perfusion may also be seen
selectively in the posterior fossa structures, reflecting a rostrocaudal deterioration of
intracranial tissues.

CT Angiography and CT Perfusion

A natural extension of CT imaging techniques is the application of CT angiography (CTA)
and CT perfusion (CTP) for the evaluation of brain death® 3 8%, Both techniques are
readily available on modern multi-detector helical CT scanners, and are simple to implement
into practice. According to Widjicks', CTA is well accepted in all European countries, and
several non-European countries, as an ancillary test for brain death. CTA is easily
performed, rapidly acquired, requires only an intravenous access, and is not affected by
confounding medical factors. The findings are similar to those already described for
dynamic CECT in that no intracranial arterial contrast opacification should be seen in the
setting of brain death, typically defined as the vertebrobasilar circulation intradurally, as well
as above the level of the supraclinoid internal carotid arteries. There is expected
visualization of the external carotid arterial system. Leclerc et al.®* further refine the
diagnostic criteria as lack of visualization of the cortical middle cerebral artery branches, as
well as lack of visualization of the internal cerebral veins. Despite its lack of portability,
CTA is still highly efficacious’ and does not have the procedural risks associated with
conventional digital subtraction angiography. However, as iodinated contrast is still required
to perform this examination, the potential risk of contrast-mediated tissue injury is still
present.

CTP is a technique already in widespread use for acute stroke imaging. Interestingly, the
earliest description of a perfusion-type CT scan was actually done over two decades ago*.
In comparison to CTA, which is relatively simple to interpret, CTP requires post-processing
of the acquired data in order to generate the mean transit time, CBF and cerebral blood
volume maps needed to appropriately assess the intracranial parenchyma. As such, this
interpretation is typically done by a neuroradiologist, although, in some institutions, stroke
neurologists are also familiar with this technique. Though some authors tout CTP as a
quantitative tool for measuring CBF*®, this remains an area of debate?, having yet to be
proven in large prospective studies. In the setting of global brain injury, the commonly
performed semi-quantitative application of CTP would potentially be a major issue due to its
reliance on ratio comparisons to a contralateral “normal” parenchyma. In addition, no
technique has yet been developed which allows whole brain coverage through existing CTP
techniques, although another level of perfusion imaging can be performed after waiting
approximately 3-6 minutes. Though one may infer that the arterial input function waveform



should be flat, there is no actual literature reporting brain death findings on CTP, and its use
in the diagnosis of brain death has never been evaluated in a formal fashion.

Xenon CT

Xenon CT (XeCT) is a powerful tool, and has been applied to ischemic cerebrovascular
disease for many decades. It provides a quantitative measurement of CBF*®**, and is also
noninvasive, fairly rapidly performed, and provides the added benefit of routine CT imaging
of the brain as well. XeCT has a high spatial resolution, and flow assessment of the entire
brain can be sampled accurately with the three levels of examination typically used. Also, by
using inhalational Xenon, an inert gas having CT attenuation characteristics similar to iodine,
XeCT avoids the use of iodinated contrast, thereby eliminating issues raised regarding
contrast-mediated tissue injury (such as contrast-induced nephrotoxicity).

Many authors describe the use of XeCT in brain death” * * % Thompson et al.*"
compared XeCT to dynamic brain scintigraphy in clinically brain dead children, and
determined that negligible (defined as < 5 ml/100 g/minute) or no CBF globally were the
CBF parameters required in order to confirm the clinical diagnosis of brain death. Pistoia et
al.”” confirmed these values in 30 patients they studied over 7 years.

Though the practical application of the technique is not difficult, its accessibility is a
tremendous challenge, as Xenon CT is virtually unavailable apart from at a select number of
academic institutions in North America. Again, the patient must be transported to the
Radiology Department, and dedicated Neuroradiology expertise is required to perform and
interpret the exam. As such, though XeCT remains an immensely powerful tool for
quantitative examination of CBF, too many issues exist to allow its ubiquitous use as an
ancillary test for the confirmation of brain death.

Magnetic Resonance Angiography and Perfusion

As has already been described, conventional MRI performed in the setting of clinically
confirmed brain death can demonstrate the lack of normal intracranial arterial flow voids.
This is thought to be a consequence of ICP being greater than MAP, thereby resulting in no
net intracranial arterial blood flow. Dedicated magnetic resonance angiography (MRA) has
been performed to evaluate this finding®™ * ** %, All assessments thus far have utilized a
“time-of-flight” (TOF) or “moving blood” imaging technique, without administration of
intravenous contrast. Similar findings as those reported on CTA assessment have also been
reported for TOF-MRA, namely absence of visualization of the vertebro-basilar system
intracranially and the internal carotid arteries above the level of the carotid siphons™.
External carotid arterial visualization can be seen, as can partial visualization of the superior
sagittal sinus for the reasons described earlier. The study by Karantanas et al,® clearly
demonstrated continued visualization of the intracranial arterial circulation in 10 patients
who had suffered severe closed head injuries and who did not meet clinical criteria for brain
death, as opposed to total lack of visualization of intracranial blood flow in the 20 patients
who were clinically thought to be brain dead prior to MR examination. All 10 patients
survived, with variable neurologic outcomes. All of the 20 patients having no evidence of
MRA-documented intracranial blood flow died.



Controversies exist around the use of MRA for brain death evaluation. Though there are
several reports of its use in this setting, no formal evaluations have been done. Because
contrast-enhanced MRA (CEMRA) is not prone to some of the pitfalls of TOF imaging,
such as slow flow, in-plane flow, and non-laminar flow, there has been a progressive shift
towards its use in the evaluation of cerebrovascular disorders. However, no reports
currently exist in the literature on its use in the neurological determination of death.
Although MRA is noninvasive, it still requires the transfer of the patient to the MR scanner.
Subspecialty neuroradiologic expertise is again required to perform and interpret the
examination. The exam takes longer than CTA, is more prone to technique-related image
degradation, and requires MR compatability of all devices attached to the patient.

Thus, though MRA holds promise, especially when combined with MRI, MRS, and DWI, it
has not as of yet been validated for use as an ancillary test for confirmation of brain death®.

MR perfusion (MRP) is a powerful technique, utilizing first-pass magnetic susceptibility
effects of administered contrast agents to obtain data similar to CTP%. Its main advantage
are its greater coverage of the brain during perfusion imaging (whole brain imaging versus 2-
4 cm for CTP), as well as the ability to obtain diffusion weighted imaging. However, though
the technique can determine CBF to a lower limit of 8 mL/100g/min, MRP is semi-
quantitative, and no data is available on its use in the setting of brain death.

Transcranial Duplex Ultrasonography

The utility of transcranial duplex ultrasonography (TCD) as a test for evaluating the presence
of intracranial blood flow has been reviewed elsewhere® *" . Classical findings in a patient
who is brain dead are short systolic spikes or peaks, oscillating movement of blood within
the assessed arteries, and disappearance of systolic flow on subsequent testing when
previously documented as present. TCD has many potential advantages. It is safe, portable,
noninvasive, and relatively rapidly performed. As well, it is relatively inexpensive, and does
not require administration of potentially organotoxic contrast agents. However, TCD is not
widely available, and is quite labour-intensive, requiring tremendous skill and rigor in its
application to insonate all of the major intracranial arteries® * ¥, In addition, up to 20% of
patients may fail TCD scanning as their cranial vaults are too thick to allow appropriate
visualization of these arteries®. As well, many authors have reported false positives and
negatives using TCD® **°, Because of these drawbacks, as well as its lack of validation,
TCD is not considered an accurate and reliable ancillary test in the confirmation of brain
death.

The Future

Recognizing that false negatives may occur when an ancillary test evaluating the presence or
absence of CBF is used, techniques assessing for CBF still appear to be the most promising
with respect to a reliable and reproducible diagnosis of brain death in the face of
confounding clinical factors. Though CTA has not been accepted for use in North America,
its use as an alternative in Europe, and other non-European countries suggests that greater
effort be taken to validate it as an ancillary test. CT perfusion in combination with CTA may
be even better; however, no large series of patients have yet been reported and controversy
remains regarding its ability to truly quantify CBF. Current advances in MR angiographic
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techniques in the imaging of cerebrovascular pathology include the use of intravenous
contrast agents'®™, quantitative phase contrast techniques’®®, and time-resolved MRA",
In addition, MR perfusion techniques such as arterial spin labelling may contribute to
improved characterization of presence or absence of intracranial blood flor (Wintermark,
Stroke, 2005). All of these methods may provide a greater certainty of the presence or
absence of CBF, thereby ensuring no false positive exams. In the future, truly quantitative
CT- or MR-based perfusion techniques may be developed, thereby allowing CBF assessment
as currently only provided by XeCT or PET. In addition, issues regarding the lack of
portability of these different modalities are being addressed, as portable CT scanning units
are already commercially available, some with Xenon-CT perfusion capability. Other tests
incorporating complementary modalities may also be developed.

Conclusion

The diagnosis of brain death remains primarily a clinical determination. However, it is
important to recognize that confounding factors do exist that may make clinical diagnosis
extremely difficult or impossible. Ancillary tests are then useful in helping make this
diagnosis. Tests imaging CBF are the preferred ancillary tests, with HMPAO SPECT
radionuclide angiography considered the first-line study. When this is not available or is
equivocal, 4-vessel cerebral angiography is another validated examination which can be
performed to determine the presence or absence of CBF. Though several case reports exist
describing the use of other noninvasive angiographic or perfusion techniques, such as CTA
and MRA, currently none of these techniques have been validated for use as ancillary tests in
the determination of brain death. Because of the many potential advantages these
noninvasive techniques may offer, further efforts should be made to evaluate them as
replacement tests for conventional 4-vessel cerebral angiography.
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Abbreviations and Definitions

ADC Apparent diffusion coefficient; property of a specific tissue characterizing the degree to which its water content can move when
subjected to magnetic gradients

BBF Brain blood flow; blood flow per unit brain tissue, expressed as mL/100g/minute

CBV Cerebral blood volume; volume of blood per unit brain tissue, expressed as mL/100g; obeys similar autoregulatory principles as for CPP

CECT Contrast-enhanced computed tomography

CEMRA | Contrast-enhanced magnetic resonance angiography; non-invasive MR vascular imaging technique relying on filling the lumen of the
vessels to be imaged with a MR contrast agent

CPP Cerebral perfusion pressure; net pressure of blood flowing into the brain, determined by subtracting ICP from MAP; tends to stay
relatively constant over a range of blood pressures

CSF Cerebrospinal fluid

CT Computed tomography

CTA Computed tomography angiography; non-invasive CT method of opacifying the vasculature through bolus intravenous injection of
iodinated contrast material

CTP Computed tomography perfusion; technique allowing the determination of cerebral perfusion parameters through bolus intravenous
injection of iodinated contrast material

DWI Diffusion weighted imaging; allows for characterization of water movement through the application of powerful magnetic gradients; may
be subject to impurities because of the specific manner in which it is acquired (ex: “T2 shine-through”)

GM Grey matter

HMPAOQO | Hexamethylpropylene amine oxime

ICP Intracranial pressure

MAP Mean arterial pressure

MRA Magnetic resonance angiography; non-invasive MR technique of imaging the vasculature; can be done by filling the lumen of the
circulation with MR-based contrast material (CEMRA), or by observing moving blood (TOF-MRA)

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

NCCT Non-contrast computed tomography

NDD Neurologic determination of death

PET Positron emission tomography

SPECT | Single photon emission computed tomography

TCD Transcranial Doppler

TOF Time-of-flight; technique that utilizes properties of moving blood to provide an image of the circulation in MR

WM White matter

XeCT Xenon computed tomography; CT done with the subject inhaling an inert gas (Xenon), which has contrast characteristics similar to
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| iodinated contrast; allows quantitative determination of CBF
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Table 1. Confounding Factors in the Clinical Diagnosis of Brain Death

1) Insituations in which clinical criteria cannot be reliably applied
a. Cranial nerves cannot be adequately examined
I. Trauma to eyes
ii. Trauma to middle and/or inner ears
iii. Cranial neuropathies

b. Neuromuscular paralysis
i.  Neuropathies
ii. Drug-induced

Pharmacologic paralysis of papillary responses

Heavy sedation

When apnea test not valid (such as in high carbon dioxide retainers)
Profound metabolic and endocrine disturbances that are difficult to
reverse

-~ D 00

2.) Inyoung children

Table 2. Qualities of the Ideal Ancillary Test

No false-positives

Readily available

Rapid

Safe

Portable

Non-invasive

Inexpensive

Independently sufficient to establish brain death

Not susceptible to external/internal confounding factors
Standardized in technology, technique, and classification of results

Table 3. Angiographic Findings in Brain Death
No visualization of anterior circulation beyond level of supraclinoid ICAs

No posterior circulation filling beyond dural penetration of vertebral arteries
Absence of internal cerebral vein filling
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Appendix A: Existing Human Studies Regarding Alternative Ancillary Tests to Cerebral Angiography and
HMPAO-SPECT for CBF Determination in the Setting of Brain Death

Test Author Year Number of Type of study Principle finding Comparative
subjects standard**
CTA Yuetal 2005 1 Case report Absence of intracranial blood flow™ Clinical
Qureshi 2004 2 Case report Absence of intracranial blood flow* CTP
Leclerc et al 2006 15 Prospective series Absence of cortical MCA branch Clinical
arteries and internal cerebral vein
CTP n/a n/a n/a n/a n/a n/a
MRA Aichner et al 1992 3 Retrospective case series | Absence of intracranial blood flow* Clinical
Ishii et al 1996 4 Retrospective case series | Absence of intracranial blood flow* HMPAO-SPECT
Matsumura et al 1996 15 Prospective series Absence of intracranial blood flow* Clinical and DSA
Lovblad and Bassetti 2000 1 Case report Absence of intracranial blood flow* Clinical
Karantanas et al 2002 30 Prospective series Absence of intracranial blood flow* Clinical
MRP n/a n/a n/a n/a n/a n/a
XeCT | Thompson et al 1986 10 Prospective series Absence of intracranial blood flow* Dynamic radionuclide
scintigraphy
Darby et al 1987 9 Retrospective case series | <5 mL/100g/min threshold for CBF | Variable: EEG, angio,
values compatible with brain death dynamic radionuclide
scintigraphy
Ashwal et al 1989 21 Retrospective case series | <10 mL/100g/min threshold for Dynamic radionuclide
clinical brain death” scintigraphy
<5 mL/100g/min consistent with no
flow as demonstrated by radionuclide
techniques
Pistoia et al 1991 30 Retrospective case series | <5 mL/100g/min threshold for CBF | Dynamic radionuclide

values compatible with brain death

scintigraphy

*ahsence of intracranial blood flow refers to no visualization of the vertebrobasilar circulation or the anterior circulation above the level of the supraclinoid internal carotid arteries in those clinically
determined to be brain dead

**all assessments were done with clinical brain death as the primary inclusion criterion
~Nin infants and children older than one month

n/a — none available
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Appendix B: Comparison of Ancillary Tests for Determination of Brain Blood Flow in the Setting of Brain Death

Minimum Flow

Definitio o .
Test n Limit Advantages Disadvantages Consensus
(mL/100g/min)
Invasive
Digital Exposure to iodinated contrast E%%?;:gf::gg{d for
DSA subtraction 0 Direct visualization of CBF Not readily available
. Not preferred test due
angiography Not portable . .
. to invasiveness
Expensive
Slr?c?tlgn Widely available
SPECT Emission 5 Portable Not quantitative Reference standard for
computed Low cost Poor spatial resolution NDD assessment
tomggraphy Whole brain coverage
Quantitative
Positron Can assess multlp!e factors,_mclu_dmg Impractical for everyday use Reference standard for
o oxygen consumption, by using different :
PET emission 0 dioliaand Expensive CBF assessment
tomography ragiofiganas : Not portable Not useful in NDD
Repeated measurements possible
Whole brain coverage
Only available in a few academic centers
Xenon Quantitative as not FDA approved Reference standard for
XeCT computed 0 Allows simultaneous CT-based imaging Not portable CBF assessment
€ tomcr)) ranh techniques Limited brain coverage (6 cm) Not useful in NDD due
graphy Can be repeated within 10 minutes Delivery of Xenon gas may present to limited availability
challenges
Maanetic tDesﬁﬁpdueeng?n Readily available Not readily available
MRA rescg)nance ac uisiqtion but No contrast necessary Expensive Limited data but
angiography co%si dere d]very low Can be combined with other MR-based Not portable promising

(<10)

techniques

Scanning time lengthy

23




Readily available

Magnetic Whole brain coverage Not quantitative for CBF Likelv not useful as not
MRP resonance 8 Can be combined with other MR-based Not readily available y no
perfusion techniques Not portable quantitative
Repeatable
Computed Unknown but likely Reac_illy ava!lgple Exposure to iodinated contrast L|m|t§q data buF most
CTA tomography very low (<10) Rapid acquisition Not portable promising as ubiquitous
angiography technology
Exposure to iodinated contrast and
Computed Reacjily availqple io_ni;ing radiatio_n Limitgd data bL_Jt ho_lds
CTP tomography | 0 Rap!d acquisition L|m|t_ed anatomic coverage (2-4 cm) promise, especially if
perfusion Rapid acquisition Requires post-processing of data anatomic coverage
Quantitative* Relies on intact BBB extended
Not portable
Transcranial Rapid Does not quantify CBF .
TCD Doppler Unknown Non-invasive Difficult to perform mc[))t[c)jeemed useful in
Ultrasound Portable One measurement for each hemisphere

* controversy exists regarding its true quantitative abilities
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