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Brain perfusion single photon emission computed tomography (SPECT) scans were
initially developed in 1970s. A key radiopharmaceutical, hexamethylpropyleneamine
oxime (HMPAQO), was not stabilized until 1993 and most early SPECT scans were
performed on single-head gamma cameras. These early scans were of inferior quality. In
1996, the Therapeutics and Technology Assessment Subcommittee of the American
Academy of Neurology (TTASAAN) issued a report regarding the use of SPECT in
the evaluation of neurological disorders. This two-part series explores the policies
and procedures related to perfusion SPECT functional neuroimaging. In Part I, the
comparison between the quality of the SPECT scans and the depth of the data for
key neurological and psychiatric indications at the time of the TTASAAN report vs. the
intervening 25 years were presented. In Part Il, the technical aspects of perfusion SPECT
neuroimaging and image processing will be explored. The role of color scales will be
reviewed and the process of interpreting a SPECT scan will be presented. Interpretation
of a functional brain scans requires not only anatomical knowledge, but also technical
understanding on correctly performing a scan, regardless of the scanning modality.
Awareness of technical limitations allows the clinician to properly interpret a functional
brain scan. With this foundation, four scenarios in which perfusion SPECT neuroimaging,
together with other imaging modalities and testing, lead to a narrowing of the differential
diagnoses and better treatment. Lastly, recommendations for the revision of current
policies and practices are made.

Keywords: SPECT, procedure, Parkinsonian, traumatic brain injury, differential diagnosis, comorbidity

INTRODUCTION

In 1996, the Therapeutics and Technology Assessment Subcommittee of the American Academy
of Neurology (TTASAAN) issued a report regarding the use of perfusion single photon
emission computed tomography (SPECT) in functional brain imaging (1). While the authors
of the TTASAAN report did not intend this to be the definitive position of perfusion SPECT
neuroimaging (in the text, they mandated periodic revision as the field advanced), this 1996 report,
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FIGURE 5 | (A) Various commonly used color scales and a greyscale are displayed. The mean cerebral perfusion in the human brain is 70% of the maximal flow with a
standard deviation (SD) of 8.35%. The mean and £ 1 and 2 SD are indicated. A change of & 2 SD is unlikely to be appreciated in greyscale but can be readily
distinguished in Heated Object and Ubig40 color scales. An increase of 2 SD can be distinguished in Hot and Cold color scale, but a decrease of 2SD or less would
not be discernable. A 1 SD increase or decrease would be difficult to discern in greyscale, Heated Object and Hot and Cold color scale, but are readily detected in
Ubig40 and DPG40. (B) A 58-yr-old female was struck on the right parietal region by a heavy object with loss of consciousness of ~2 h. Perfusion SPECT scan was
performed 7 years after the injury with %™ Tc-HMPAO and a dual-head gamma camera. SPECT data can be displayed in 3-D representations that facilitate the
identification of large, diffuse, or subtle lesions. Here, data is presented as an isocontour display wherein cortical areas which fall below 60% of the maximal cerebral
blood flow are displayed as a depression or hole. The large parietal defect is apparent on the right (red arrow), as well as bilateral temporal lobe hypoperfusion (green
arrow). (C) 4 mm horizontal sections illustrate decreased perfusion in the right parietal region (red arrow). The color scale is the Ubig40. (D) 4 mm horizontal sections
illustrate decreased perfusion in the right parietal region (red arrow). The color scale is the DPG40. Note the black spot at the point of highest perfusion in the left
thalamus (black arrow). (E) 3-D representation utilizes the Ubig40 color scale. The right parietal defect appears as an area of blue and green (red arrow). (F) The
patient’s data is compared to a normative database (N = 68). A map of statistically significant differences can be generated using the Oasis software by Segami, Inc.
Here, the color scale indicates gray for areas that do not differ significantly from the normative database. In contrast, areas of green, light blue, and dark blue represent
areas of more than 2, 3, and 4 SD below the mean perfusion of the normative database, respectively. Statistically significant increases in perfusion are illustrated in the
red color scale. The parietal lobe injury (red arrow) and the contra-coup injury are easily visualized, along with more diffuse penumbra injury and bilateral lateral
temporal lobe hypoperfusion (green arrows).
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The SPECT scan images should be read in a systematic
fashion. In one approach, the 3-D reconstructions are examined
to detect any large or subtle areas of hypoperfusion or increased
perfusion which might be missed in the tomograms. Cortex wide
patterns, such as diffuse scattered hypoperfusion will be evident.
Alternatively, the tomograms are initially evaluated. Regardless,
each area of the brain should be consciously visualized.

Often, it is useful to begin with the horizontal tomograms.
Careful attention should be given to the subcortical structures,
such as the thalami, basal ganglia, cinguli, and the brainstem
(see Figure 6). Then attention should be turned to examine each
area of the cerebral cortices, including the insula, bilaterally. The
cerebellum should be examined with attention to the vermis
and the hemispheres. Structures should be examined in all three
planes (horizontal, coronal, sagittal) as abnormalities may be
apparent in one plane but hidden in other planes. Areas of
overactivity and areas of decreased activity should be noted.
Asymmetry should be noted. The pattern of perfusion should be
noted in the 3-D reconstructions.

Particular attention should be given to the posterior cingulate
in cases of suspected dementia, given the high sensitivity and
specificity of this structure in the diagnosis of Alzheimer’s
disease (2). The basal ganglia and anterior cingulate have
particular relevance to OCD. The orbitofrontal cortex should
be examined both in tomograms and in 3-D reconstructions if
executive dysfunction (ADHD, TBI etc.) are being considered
(30). Understand that multiple findings are the norm, rather
than the exception, as comorbidity is common. If an area of
hypoperfusion is detected, then the size and structures involved
should be noted to facilitate clinical correlation. For example, if
hypoperfusion is seen in the inferior occipital cortex and inferior
parietal cortex on one side (suggestive of posterior cerebral artery
infarct), then involvement of the thalamus and basal ganglia,
as well as changes in the contralateral cerebellum, should be
assessed. While it is important to look for a primary cause of
the patient’s symptoms, it is vital to remember that most patients
have co-morbidities (see Part I), and these co-morbidities play a
pivotal role in effective treatment planning. A full discussion of
the reading of a SPECT scan is beyond the scope of this paper
and will be addressed in the future.

Statistical Analysis

The Normal Database

Statistical comparison to a normative database is often cited as
an important step in the characterization of a pathological SPECT
scan. However, the definition and vetting of a normative database
is complicated. The first issue is that each radiopharmaceutical
has a different activity distribution and vulnerability to back
diffusion as detailed in Part I of this two-part series (2). For
example, ECD favors the temporal lobes, while HMPAO levels
tend to be lower there. Technically, each radiopharmaceutical
should have its own normal database. This is not surprising as we
would not expect to use the same normal database for FDG-PET
as we would for HMPAO. The second issue is how is a “normal”
subject defined. Ideally, the subject should be free of psychiatric
illness or symptoms, free of alcohol, tobacco, marijuana, or illicit
drug use, without family history of first® relatives with psychiatric

or neurological illness, and without history of concussion or TBI.
Structured clinical interviews, extensive questionnaires, and drug
screens can help to obtain a population free of exclusion criteria
(53-55). To quote Dr. Mena’s seminal work:

“The procedure for the selection of the normal pediatric subjects
was as follows: the children were selected from two sources: a)
those attending elective non cranial surgery at a public hospital and
b) volunteer health personnel relatives. Neuropsychiatric screening
included: a) semi-structured interview of the mother and child, b)
mental status and neurologic examination performed by two child
psychiatrists. Exclusion criteria included the following: positive
pre-, peri- or post-natal history, developmental disorder or delay
of any kind, learning disorder, psychiatric disorder or isolated
emotional or behavioral symptoms, severe family psychopathology
or neurologic disorder, abnormal neurologic examination, and
school underachievement. Using these criteria more than 50% of
potential subjects were rejected.” (53).

Dr. Amen has taken a similar transparent and rigorous approach
to defining a normal database:

The Control group was recruited using local advertisements in
newspapers and local colleges. Each subject met the clinical criteria
for a healthy brain subject based on our criteria that included
the absence of current medical illnesses, brain trauma, family
history of psychiatric illness, drug/alcohol abuse and no current
or past evidence of behavioral or psychiatric issues as measured
by a detailed clinical history, Minnesota Multiphasic Personality
Inventory (MMPI) and Structured Clinical Interview for Diagnosis
(SCID) for DSM-1V (55).

Both male and female subjects should be included as there are
perfusion differences between the genders (56). Also, a wide age
range should be included in the database. Perfusion changes
with age (54, 57). Most statistical analysis programs separate
the normal database into age groups. The index patient’s data is
compared to the appropriate age-specific subgroup.

Statistical Analysis of SPECT Scan Data

The statistical analysis of perfusion SPECT scan data can be
conducted at a number of levels. The simplest approach is a
regions of interest analysis. Early studies defined regions of
interest visually and compared data within these regions to
identify differences.

A more rigorous statistical analysis of brain SPECT data can
be either voxel-based or region-based; however, in both cases
it is necessary to spatially normalize the data first. Examples
of such spatial normalization are the Tailarach atlas (58) and
the Montreal Neurological Institute atlas (59). These methods
are based on a registration of anatomical references which are
extracted by the software algorithm from the image data. The
registration is non-linear (i.e., requires warping), because human
brain shapes differ substantially between subjects. As a result, the
temporal pole of the index patient can be mapped precisely to the
temporal pole of the comparator group or normal database. This
process is certainly not unique to the analysis of perfusion SPECT
scans and is widely used in both functional and anatomical
neuroimaging. The advantage of analyzing individual voxels is
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aspect of the basal ganglia separated only by the thin external capsule.

FIGURE 6 | Representative horizontal sections at the level of the thalamus and basal ganglia from (A) human cadaver, (B) MRI, (C) SPECT of healthy individual, and
(D) SPECT of individual with advanced Alzheimer’s disease. The thalami are indicated by the black oval in each frame. In healthy individuals the thalami are closely
approximated with a narrow 3™ ventricle separating each side. Note the separation of the thalami in (D), consistent with volume loss due to degenerative changes.
The basal ganglia are indicated by the red rounded square. The insula is indicated by the black box. Note the close approximation of the insular cortex to the lateral

that it tends to be more sensitive; however, the disadvantage is
that the result may not be meaningful to the reader/clinician,
because of the limited context. Regions on the other hand,
are logical groups of voxels that are based on anatomical or
functional areas (e.g., Brodmann areas) in the brain which are
more relevant to the reader/clinician. For example, data within
regions of interest can be compared statistically across conditions
or against a control dataset (20, 21, 55).

In addition to a spatial normalization, the SPECT scan data
also must be normalized in intensity because the measured
blood flow by either ECD or HMPAO is relative. HMPAO
and ECD trapping is not perfectly proportional to rCBF as
measured by *3Xenon studies (60, 61). While generally these
pharmaceuticals are rapidly converted to a hydrophilic form
and become trapped (as described in Part I), the trapping is
not perfect, nor instantaneous (A more significant redistribution
occurs with 123I-IMP as described in Part I). As a result,
there is not an exact linear proportionality between rCBF and
retention of ECD or HMPAO. Nonetheless, the distribution and
level of radiopharmaceutical closely approximates rCBF over
physiological ranges (60).

Typically, the images are normalized to the maximum value
in the subject’s brain—this is most often the cerebellum or the
visual cortex. Although the maximum value is a somewhat noisy
parameter, it actually works quite well in SPECT imaging due
to its somewhat limited spatial resolution and the smoothing
of the data as part of the reconstruction process, as described
above. Sometimes, the maximum value in the subject’s brain is
elsewhere, such as the thalamus. The biasing of the data that can
result in this situation is avoided by using the cerebellum or visual
cortex consistently; however, there is a caveat. In the situation
in which the cerebellum is damaged or there is cross-cerebellar
diaschisis, then a cerebellar normalization can falsely elevate the

findings in the remainder of the brain. Hence, attention to each
brain scan is necessary to avoid these errors.

At this point, a statistical analysis can be performed on the
index patient’s data. For each pixel, a comparison is made to the
range of pixel values at the same spatial point within the reference
dataset. The resulting data can be displayed as charts, graphs, or
as 3-dimensional surface displays (62-65). A color-coded map of
statistically significant differences can be generated as illustrated
in Figures 2-6, 9 in Part I of this two-part series (2), as well as
in Figures 5, 10, 12 below using software from Segami Corp.
(Columbia, MD). Statistical parametric mapping has been used
to differentiate AD from controls with high accuracy (3, 66-69).

Artificial Intelligence and Machine Learning

Artificial Intelligence (AI) and machine learning are currently
gaining interest in the research communities of almost all fields
because it can be performed at low cost and with potentially
high benefits. However, the application in clinical brain SPECT
imaging has not been established. In general, these methods
rely on huge quantities of data and are an attempt to automate
the comparison process, but also allow artificial intelligence
algorithms to explore the data in novel and/or complex ways.
These methods attract considerable attention, but the reader and
reviewer must be careful to distinguish research applications and
clinical applications, as well as statistically significant differences
which lack clinical meaning from those with substantial clinical
significance. Nonetheless, as Al has become more sophisticated,
it is possible for a program to parse the data in novel and
unexpected ways as the program learns from the data.

Because Al can apply complex calculations to datasets
iteratively and at high speed, it is possible to test the data
against itself. The software can repeatedly select subsets of data
to serve as a temporary reference or rule dataset and then
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iteratively compare the remaining data against this rule dataset.
By repeating this process over and over with different temporary
rule datasets, a new feature can be identified, or an identified
feature can be confirmed as valid. While unsupervised learning
by AI algorithms may yield clinically irrelevant features, both
supervised and unsupervised learning algorithms may produce
or verify clinically recognized features, known from decades
of visual reads of SPECT scan data. AI techniques have been
applied to attenuation correction with promising results (70-72).
Improved classification of 23I-ioflupane (DatScan) findings for
differentiating Parkinson’s disease from other neurodegenerative
disorders has been demonstrated (73, 74). Perhaps the most
interesting recent development is the first steps in creating an Al
driven SPECT image reconstruction algorithm (75).

Several groups have explored machine learning algorithms to
differentiate Alzheimer’s disease from controls. The process of
developing a pattern-recognition algorithm for distinguishing a
disease state from controls or another disease state begins with
creating a training data set. Carefully selected cases of the disease
state (e.g, AD) are collected. The size of this training data set must
be large enough to allow a robust signal (e.g., decreased parietal
and posterior cingulate perfusion) against the background noise
of intersubject variability. Then algorithms can be applied to
separate the data into different categories. Support vector analysis
(76), which identifies multiple features that distinguish one group
from another, is one form of analysis and it has been used
to differentiate AD from controls yielded a sensitivity of 97%,
a specificity of 100%, and an accuracy of 99% (77). Principal
component analysis is another method which extracts features
by representing the data in a covariance matrix (78, 79). The
algorithm can then be trained on the training set by using a series
of subsets to compare back to the training data set. The training
data set is randomly divided into a number of subsets. Then N-
1 subsets are then tested against the left-out subset. This process
is repeated sequentially leaving out a different subset to be used
as the test subset. After thousands of iterations of this process,
the best classification rule can be determined. The method is
often referred to as “leave one out cross-validation.” Finally, the
machine learned algorithm can be compared to a new set of data
to validate the accuracy of the process in differentiating one group
(disease state) from another (control or different disease state).

COMBINING PERFUSION SPECT SCANS
WITH OTHER MODALITIES FOR
IMPROVED DIAGNOSTICS

The authors realize that perfusion SPECT neuroimaging,
while extremely sensitive, needs to be used in the context
of complete patient clinical information - history, physical
examination, other imaging and laboratory tests, and other
neuropsychiatric evaluations to be of greatest value. Perfusion
SPECT neuroimaging adds valuable neurobiological information
to the subjective realm of symptomatology. Furthermore,
perfusion SPECT can add additional dimensions to the results
of other neuroimaging modalities resulting in better and more
reliable differential diagnoses. We will illustrate this point

with four situations commonly encountered in psychiatry
and neurology.

Situation 1

The first scenario is a 72-year-old patient with a 2-year
history of progressively worsening memory problems. She denies
hallucinations, tremor, or difficulty with her gait. The long-
time course makes delirium less of a consideration. The absence
of Parkinsonian symptoms reduces the need to consider that
group of disorders. The patient undergoes a Montreal Cognitive
Assessment (MOCA) and scores 22/30 placing her in the mild
cognitive impairment (MCI) range. However, is this early AD,
early vascular dementia, early FTD, or early Lewy Body dementia
(LBD) without tremor? An MRI might show widening of the
sulci, but this might be no greater than is expected for age. The
neurologist might, at this point, order an amyloid scan. If the
amyloid scan is positive, then we can proceed on the assumption
that the patient has MCI of the AD type; however, there is a
false positive rate among aged normals which is due to increasing
nonspecific binding with age. Approximately 20% of controls
at age 60 years and 40% of controls at age 80 years had false-
positive scans (80, 81). Thus, there is a >20-30% chance that the
patient does not have AD, even with a positive amyloid scan. The
situation is even more dire if the amyloid scan is negative. We can
rule out AD as the cause of the patient’s memory problems, but
we cannot narrow the differential any further.

Unfortunately, the amyloid scan is a binomial test—the result
is either positive for AD or negative. The amyloid scan can
yield no further clues in the differential diagnosis. This is where
perfusion SPECT or FDG-PET can be highly beneficial (3, 82).
By following up with a perfusion SPECT scan, the diagnosis may
be revealed. For example, if there is frontal and temporal lobe
hypoperfusion with a negative amyloid scan, the likelihood of
FTD is greatly increased. An example of fronto-temporal MCI
is illustrated in Figure 2 of Part I of this two-part series (2).
If there is hypoperfusion of the occipital lobes, then the risk
of LBD increases substantially, even in the absence of tremor
(83) (A follow-up DaTscan might be indicated at that point).
If diffuse hypoperfusion is found, then a number of differential
diagnoses need to be considered (82, 84), including toxic brain
injury, diffuse post-concussive brain injury, vascular dementia,
and infectious brain injury. The research literature supporting
SPECT findings in neurotoxicity were extensively reviewed in
Part I of this series (2). A case of infectious brain injury is
illustrated below.

Recent work on PET markers for tau (e.g., AVI451, also known
as '8F-flortaucipir and the tradename Tauvid™) have been
fruitful and extensive literature now exists on tau protein labeling
in AD (85-88). In contrast, the tau imaging characteristics
of chronic traumatic encephalopathy (CTE) remain poorly
understood with a dearth of studies (89-91). Pathological studies
have confirmed that CTE (92) is characterized by a distinctive
accumulation of tau and neurofibrillary tangles in a perivascular
distribution in an irregular pattern in the cortex favoring the
depths of cortical sulci (93-95). Furthermore, the tau protein
tends to predominate in cortical layers 2 and 3 (96). This is
distinct from the pattern seen in AD (88, 96, 97) wherein tau
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accumulates in cortical layers 3-5 involving both sulci and gyri
and with a preferential accumulation in the precuneus, posterior
cingulate gyrus, hippocampus and subiculum (88, 98-100). It
also stands in contrast to the findings in progressive supranuclear
palsy (PSP) wherein the accumulation of tau protein is distinctive
in the cerebellum and cerebellar dentate nucleus (101, 102) or
in corticobasal degeneration (CBD) wherein tau accumulation is
found in the striatum and globus pallidus (although severe CTE
can show subcortical accumulation of tau, but this tends to be in
the mamillary bodies, thalamus, and other structures vs. the basal
ganglia) (95, 103). A recent small study utilized '3F-flortaucipir to
predict amyloid status (regardless of diagnosis) vs. controls with
a sensitivity of 94% and specificity of 83% (104). However, '8F-
flortaucipir binding in early AD (Braak stages I-IV) is much less
reliable and likely will hamper its efficacy in predicting MCI type
and progression (88). At least one longitudinal study has shown
a small predictive value (risk ratio 1.40) for 8F-flortaucipir scan
in the progression mild cognitive impairment (105). The utility
of tau neuroimaging as a predictor in preclinical and prodromal
stages of AD remains uncertain (106). Moreover, the presence
of tau binding in mild TBI (107), FTD, PSP, and several other
degenerative disorders clouds the picture further.

As detailed in Part I of this two-part series (2), perfusion
SPECT neuroimaging has high sensitivity (89%) and specificity
(89%) for differentiating AD from controls. When paired
with quantitative analysis, perfusion SPECT can predict the
progression of MCI to AD with a sensitivity of 97% and a
specificity 100%. FTD can be distinguished from AD with a
sensitivity of 96% and a specificity of 80% (2, 3, 30). Perfusion
SPECT scans can clarify the differential diagnosis in cases of
cognitive impairment, MCI, and dementia.

Situation 2

The second scenario involves a 54-year-old patient early in
the progression of Parkinsonian symptoms. Tremor, postural
instability, and bradykinesia might predominate. But what is
the diagnosis? Statistically speaking, there is a fair chance it is
Idiopathic Parkinson’s disease (IPD). However, multiple other
Parkinsonian syndromes cannot be ruled out.

IPD is a progressive neurological disorder characterized
by selective degeneration of dopaminergic neurons in the
substantia nigra. While IPD may be the most prevalent form
of parkinsonism, it shares, in part, symptoms with progressive
supranuclear palsy (PSP), multiple system atrophy (MSA),
corticobasal degeneration (CBD), vascular parkinsonism, and
dementia with Lewy bodies (DLB). Symptoms of tremor,
bradykinesia, postural instability, rigidity, and autonomic
dysfunction can overlap, to a greater or lesser degree, in each
of these disorders. When only tremor is present, differentiation
from essential tremor also is relevant. Specific clinical symptoms,
such as cerebellar signs in MSA, gaze palsy in PSP, atrophy of
the mesencephalon seen with MRI in PSP, or overt dementia
and visual hallucinations in DLB, may only manifest at a later
stage of the disease. Given the multifarious presentation of IPD,
the discrimination of these diseases early in the course of illness
can be challenging. Yet, the correct diagnosis is critical, as each
disease process has a different pathology, different progression,

and different response to medication. No single test has emerged
as capable of sufficient sensitivity and specificity to serve as a
stand-alone diagnostic tool.

Dopamine transporter proteins (DAT) can be visualized in
the striatum using '?*I-ioflupane or 23 I-FP-CIT, commercially
marketed as DaTscan (108). !2*I-ioflupane demonstrates
decreased DAT density in the striatum and caudate nucleus
consistently in IPD. The challenge has been to differentiate IPD
from other parkinsonian syndromes. For example, MSA cannot
be reliably distinguished from IPD based on DAT labeling alone
(109). However, the combination of decreased striatal DAT
labeling and increased striatal perfusion (metabolism) appears
to be highly sensitive and specific for IPD, differentiating IPD
from MSA in up to 99% of cases (110). By way of contrast, the
Unified Parkinsons’ disease rating scale (UPDRS) can readily
differentiate IPD or MSA from controls with a sensitivity of 91%,
but the UPDRS cannot distinguish IPD and MSA (111, 112).

SPECT perfusion neuroimaging repeatedly has shown an
increased perfusion of the striatum in IPD (112-116). In
contrast, hypoperfusion (or hypometabolism) in the striatum is
consistently reported in MSA using SPECT or FDG-PET (110,
115, 117-119). Similarly, perfusion tends to be increased in the
cerebellum in IPD (112, 115, 116, 120-122), while cerebellar
perfusion (or metabolism) is decreased in MSA (113, 123). For
example, Van Laere and colleagues (110) utilized **™Tc-ECD
and '2I-FP-CIT to study perfusion and DaT binding in patients
with IPD, MCA, PSP, and LBD. Patients with MSA showed
a statistically significant decrease in perfusion in the bilateral
posterior putamen and cerebellar vermis and hemispheres
relative to patients with either IPD or essential tremor. Patients
with PSP demonstrated decreased perfusion in multiple areas,
including left frontal lobe, left caudate, anterior cingulate, and
thalamus relative to IPD. Patients with DLB were distinguished
by pronounced hypoperfusion of the posterior temporoparietal
cortex bilaterally. Patients with IPD demonstrated significantly
increased perfusion of the cerebellum relative to essential tremor,
MSA, PSP, and DLB (124). Notably, DaT binding alone did not
consistently distinguish among the different diseases with an
accuracy of only 58%. However, the combination of the two
techniques increased classification accuracy or differentiation
of the degenerative diseases to 99% (110). See Table1 and
Figure 7 for a diagnostic flow diagram. These data support the
increased use of perfusion SPECT, in combination with DaTscan,
anatomical MRI, and other tools, in the differential diagnosis of
Parkinsonian syndromes.

Situation 3

The third scenario involves a 29-year-old male who was involved
in a motor vehicle accident. The patient was stunned at the
scene but there was no evidence of loss of consciousness.
He was taken to the emergency room and underwent a CT
scan, which was read as normal (Figure8). Within days of
the accident, the patient was experiencing severe headaches,
photophobia, and memory problems. Nine months later, the
patient had persistent symptoms of frequent headaches, memory
difficulties, cognitive slowing, and irritability. The patient
underwent an anatomical MRI. This showed a slight high
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FIGURE 7 | Flowchart for evaluation of Parkinsonian syndromes.

TABLE 1 | The role of functional neuroimaging in the differential diagnosis of Parkinsonian syndromes.

Essential tremor Idiopathic Parkinson’s Multiple system Progressive Lewy body dementia
disease atrophy supranuclear palsy
Symptoms Tremor Tremor Tremor Tremor Tremor
Bradykinesia Bradykinesia Bradykinesia Bradykinesia
Rigidity Rigidity Rigidity Rigidity
Autonomic Instability Autonomic Instability Autonomic Instability Autonomic Instability
Late Visual Hall.
Course Stable Progressive Progressive Progressive Progressive
DAT DAT—normal DAT—decreased DAT- decreased DAT—decreased DAT—slightly decreased
Statistically Significant Statistically Significant variable
Perfusion Normal Increased in putamen Decreased in putamen Decreased left frontal Decreased in occipital
SPECT or Increased in cerebellum Decreased in cerebellum Decreased left caudate Decreased in parietal
FDG PET Decreased parietal lobes Decreased thalamus
Decreased ant.
cingulate
UPSIT Normal Impaired Normal Variably impaired Impaired
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four levels. A small area of high signal is noted in the left temporal lobe (red arrow).

FIGURE 8 | (A) CT scan at two levels obtained in the acute setting. CT read as normal. (B) FLAIR protocol MRl at four levels. No abnormality visible. (C) DTI MRI at

signal abnormality in the left temporal lobe visible only on T-
2 weighted images (Figure 8). He then underwent a perfusion
SPECT scan.

The perfusion SPECT scan revealed hypoperfusion in the
bilateral temporal lobes (left worse than right), bilateral frontal
cortex (right worse than left), and scattered hypoperfusion in
the bilateral parietal cortices (Figure 9). The scan is illustrated
as both tomograms and a 3-dimensional map in Figure9.
Lastly, the scan was compared statistically to a normal database
(Figure 10).

As discussed at length in Part I of this two-part series
(2), perfusion SPECT is more sensitive than either CT or
anatomical MRI for detecting TBI, including mild TBI as in
the illustrated case. In longitudinal studies of TBI, SPECT
identified lesions not found in CT or MRI in 100% of these
studies (30, 125). Even in the acute setting, SPECT scans
revealed lesions in 75% of patients who presented with amnesia
symptoms, while CT scans were negative (126). Likewise,
Stamatakis and colleagues (127) examined 62 patients with
TBI using MRI and SPECT, which were performed within
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FIGURE 9 | Tomograms and 3-D surface projections of perfusion SPECT scan showing mild TBI. (A) Selected transverse sections. (B) Selected coronal sections.
Decreased perfusion in the temporal lobes is evident (red arrows) (C) Selected sagittal sections. Hypoperfusion is seen in the bilateral frontal cortex with greater
involvement of the left side (white arrowheads). (D-l) 3-D surface projection views show the more extensive injury to the temporal (red arrows) and frontal cortices
(white arrowheads) and scattered involvement of the bilateral parietal cortices. Marked hypoperfusion is seen in the orbitofrontal cortex (red arrowheads). (D) Left
lateral view. (E) Anterior view. (F) Superior view. (G) Right lateral view. (H) Posterior view. (I) Inferior view with cerebellum removed. Hypoperfusion is evident in the
orbitofrontal cortices bilaterally (red arrowheads). Color scale is the Ubig40 color scale as described in Figure 5.
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FIGURE 10 | The patient’s data is compared to a normative database (N = 68). A map of statistically significant differences can be generated using the Oasis
software by Segami, Inc. Here, the color scale indicates gray for areas that do not differ significantly from the normative database. In contrast, areas of green, light
blue, and dark blue represent areas of more than 2, 3, and 4 SD below the mean perfusion of the normative database, respectively. Statistically significant increases in
perfusion are illustrated in the red color scale. Decreased perfusion in the bilateral temporal cortex and bilateral orbitofrontal cortex can be appreciated. Map is
displayed in the following views: (A) right lateral, (B) frontal, (C) superior, (D) left lateral, (E) posterior, and (F) inferior with cerebellum removed.

2 weeks of injury. Using statistical parametric analysis, they
found SPECT detected more lesions and more lesion volume
than anatomical MRI. Ichise and colleagues (128) found SPECT
scans more sensitive than MRI as well, with 79% of SPECT
abnormalities lacking a concordant MRI lesion. Kinuya and
colleagues (129) found SPECT detected hypoperfusion in 94%
of cases wherein MRI scans were read as normal. These data
call into question the position of several groups, the American
College of Radiology, the American Psychiatric Association,
and the American Academy of Neurology, which embrace
the use of CT and MRI in the evaluation of concussive or
traumatic injuries to the brain which constitute functional
dyscracias. A brain perfusion SPECT scan can not only
help confirm or disprove TBI, but could give considerable
aid in evaluating alternate or comorbid diagnoses, help
evaluate the degree of injury, and aid the patients, themselves,
understand the severity of their injury. The utility of SPECT
perfusion neuroimaging in the evaluation of concussion and
TBI is more extensively discussed in Part I of this two-part
series (2).

Situation 4

The fourth scenario involves a 23-year-old man with a
prior history of social anxiety treated with sertraline, who
suddenly developed an agitated state of motor restlessness
and derealization. He described things seemed to be repeating
themselves as though he was having recurrent déja vu. The
clocks seemed to be moving too slowly. He experienced
difficulty understanding what others or television announcers
were saying. His family described him as constantly moving—
pacing and tapping on things. He repeatedly asked philosophical
questions, such as “What is truth?” What is good? What
is evil?” He became increasingly confused—unsure if he was
wearing a shirt or not—and paranoid. However, he was sleeping
normally (8-9h per night). He was seen in an emergency
room. A neurological examination was normal. He had a
negative CT, negative MRI, and negative electroencephalogram.
Toxicology screen and laboratories were normal. He was
eventually diagnosed with a manic episode and bipolar 1
disorder. He was prescribed olanzapine. While olanzapine
improved the psychotic symptoms of derealization and paranoia,
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its efficacy did not answer the question of what caused the
psychotic symptoms.

A perfusion SPECT scan was performed. The typical findings
of bipolar disorder were not evident. Specifically, the perfusion
of the thalamus was not increased and was not asymmetrically
perfused (30, 84, 129-131). Similarly, there was no evidence
of increased cortical perfusion (30, 84, 130-132). Rather,
the perfusion SPECT scan showed diffuse hypoperfusion (see

in the wake of the TTASAAN report by both the fields of
Neurology and Psychiatry is no longer tenable. As a result, the
following recommendations are made for the revisions of the
current policies and practices as they relate to perfusion SPECT
functional neuroimaging:

1) Increase awareness of the actual current state of the art as
iterated in Part I (2).

Figures 11, 12). This finding is suggestive of a toxic brain injury 2) feplgﬁc ¢ assufmpuons about 'the .mferlor sensitivity and
. . . . pecificity of SPECT neuroimaging compared to PET,
or infection (2, 30, 82, 84). These perfusion SPECT findings fMRI, diffusion tensor imaging, and MEG neuroimaging
ted furth t 133). ’ ’ ’
pro;rlll Fr) tﬁer }iisteorrquerse:/:;r:lsec(l n()) use of alcohol mariiuana particularly in the areas of dementia, TBI, seizure disorders,
other substances }(;f abuse, solvent sniffing, or O'Eher (issible’ and neuropsychiatric indications with updated comparisons
. ) & P as elaborated in Part I (2) and as demonstrated in the clinical
toxin exposures. The patient consumed city-provided water examples herein, This includes appreciating that SPECT
ther th 1l water, eliminati th ibl . ) . . .
rafier than web walel, cuminating anofier possibie source neuroimaging does not need to be diagnostic as a freestanding
of toxins. History of travel revealed a trip to the Minnesota . .. . )
. . . . . technique. The clinical examples herein emphasized the
lakes region and multiple tick bites ~10 months prior to the o . A
. . . role that SPECT neuroimaging plays in distinguishing
index episode. The extensive involvement of the temporal lobes amone overlapbine diaenoses. recoenizine comorbidities
was consistent with findings in Lyme disease in the research and p;gom‘;)tingpfhe%aski r%g o fb;tter qlglestio r%s 5 >
i 134, 135). . o )
literature (134, 135) . . . 3) Foster collaboration and communication between Nuclear
Blood tests were obtained from specialty labs. The patient Medicine physicians knowledgeable about perfusion
had positive immunoglobulins for Bartonella quintana and SPECT neuroi}IIn acine and neurcg)glo ists, psychiatrists, and
for Bartonella henselae. Polymerase chain reaction (PCR) tests th b g1ng BISLS, psy: ?
were also positive for these two infections. Northern blots Other prescribers. . .
o ) . 4) Enhance knowledge of the technical aspects of perfusion
were positive for both IgM and IgG for Borrelia burgdorferi SPECT neuroimaeine to improve understanding of
based on Centers for Disease Control (CDC) research criteria the limitations ai dg stren thsp of the broce durge as
(136) (IgM immunoblot positive for bands 23 and 41 with a laborated herei 8 P
negative Epstein-Barr test; IgG immunoblot positive for bands gaboratec hereun. . —
. S 5) Explore revision of Nuclear Medicine procedure guidelines
28,30,45,58,66). Labs were negative for Babesia microti. Both B. .
. . . . to match the current state of the art as elaborated in Part I
burdorferi and B. henselae has been associated with psychiatric . . .

. . . o and Part II of this two-part series. This process has already
symptoms, including psychosis (137-142). Apt1b10t1c therapy begun with the publication of the new Canadian Association
over the subsequent months brought resolution of symptoms of Nuclear Medicine Guidelines for Brain Perfusion Single
and a repeat PCR was negative for both infectious agents. The Photon Emission Computed Tomography (SPECT) (30)
patient was spared a lifetime diagnosis of bipolar disorder with o0 ssion Lompu OMOgraphy (>t 1 L

. . . 6) Explore revision of Neurology practice guidelines to include
the attendant psychopharmacological treatment and its potential . . o
adverse side effects the use of perfusion SPECT neuroimaging in the areas for
) which it has been shown to be most effective or on par with
FDG-PET neuroimaging (e.g., seizure disorders, dementia,
DISCUSSION AND ACTIONABLE stroke). The case is made herein that SPECT is a potent tool
in the evaluation of TBI and warrants inclusion in Neurology
RECOMMENDATIONS practice guidelines based on Level Ila evidence meeting the
. . . . - . criteria for a Type A recommendation by the standards set
Perfusion SPECT neuroimaging is a highly sensitive modality forth in the TTK? AAN report (1) and the z’noral impossibilit
which has much higher contrast that CT or MRI, although f achievine Class I eviden Y
it lacks the higher spatial resolution. This makes it ideal for Ot achieving LAass & evidence.
looking at subtle (and not so subtle) changes in function a. Additional guideline modifications to include the use of
over large areas using the one-off metric of local cerebral perfusion SPECT neuroimaging, when appropriate, in the
perfusion. SPECT scans now have much greater resolution, differential diagnosis of dementia cases among amyloid-
multiple normative databases, and sophisticated post-processing positive cases in the elderly (wherein false positives can
software. Moreover, the introduction of a new solid-state occur) and in amyloid-negative cases of any age (as set
detector system utilizing CZT diodes will greatly increase the forth in the clinical example herein).
resolution of SPECT and reduce the radiation dose required. b. Additional guideline modifications to include the use of
There are now numerous studies, often with quite large sample perfusion SPECT neuroimaging, when appropriate, in the
sizes, showing consistent and reproducible SPECT findings differential diagnosis of Parkinsonian syndromes (as set
for a number of disorders. Given the major advances in our forth in Table 1 and Figure 7 herein).
understanding of the SPECT functional neuroimaging findings c. Additional  guideline modifications to  include
for both neurological and psychiatric conditions as extensively the use of perfusion SPECT neuroimaging, when
reviewed in Part I of this two-part series, the position assumed appropriate, in the evaluation of toxic, infectious,
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FIGURE 11 | Tomograms and 3-D surface projections of perfusion SPECT scan showing diffuse hypoperfusion. (A) Selected transverse sections. Of note, the
thalamus is neither hyper-perfused nor asymmetrical as is typically seen in bipolar disorder. (B) Selected coronal sections. The thalamus can be seen in a different
orientation and is neither hyper-perfused nor asymmetrical. (C) Selected sagittal sections. (D-l) 3-D surface projection views show the highly difuse nature of the
hypoperfusion involving frontal, temporal, parietal, and even occipital cortices. (D) Left lateral view. (E) Anterior view. (F) Superior view. (G) Right lateral view. (H)
Posterior view. (1) Inferior view with cerebellum removed. Color scale is the Ubig40 color scale as described in Figure 5.
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FIGURE 12 | The patient’s data is compared to a normative database (N = 68). A map of statistically significant differences can be generated using the Oasis

software by Segami, Inc. The color scale is the same as in Figure 10. Diffuse decreased perfusion in all cortical areas can be appreciated. More extensive involvement
of the bilateral temporal lobes is more clearly demonstrated with this map of statistical differences. Map is displayed in the following views: (A) right lateral, (B) frontal,
(C) superior, (D) left lateral, (E) posterior, and (F) inferior with cerebellum removed.

or autoimmune encephalopathy. This may become
particularly important in the growing population
of patients with post-COVID fatigue or persistent
encephalopathy (143).

7) Explore revision of Neurology and Psychiatry practice
guidelines to recognize the advances in the state of
the art of SPECT neuroimaging in the evaluation
of neuropsychiatric indications. As the Canadian
Association of Nuclear Medicine Guidelines for Brain
Perfusion Single Photon Emission Computed Tomography
(SPECT) (30) describes, the diagnostic picture for all of
neuroimaging is clouded due to the subjective and non-
physiological bases of psychiatric diagnoses. This remains an
unresolved issue.

a. Include perfusion SPECT neuroimaging in the evaluation
of encephalopathy, dementia, and toxic exposures (30).
Recognize the value of SPECT in the monitoring or
tracking of changes in brain function as a consequence of
treatment (e.g., a biomarker) (130, 144, 145).

. Recognizing the value of SPECT in the uncovering and

identification of co-morbidities.

b.

8) Understand the basics of reading and interpreting a perfusion
brain SPECT scan as elaborated herein and based on the
findings summarized in Part I (2).

Perfusion SPECT scans require rigorous technique and correct
adjustment of the equipment. An enormous variability in SPECT
images results from technical inconsistency. One of the reasons
why brain SPECT imaging is not prescribed more often is
that prior encounters with sub-optimal images resulting from
poor technique and lack of experience, have produced unhelpful
findings. These negative experiences deter further use of SPECT
scans and leads to fewer referrals. In part because of this
dynamic and because of the parallel academic pressure to move
to PET-based procedures, the attention, experience, and interest
of nuclear medicine physicians has shifted away from SPECT
imaging. In addition, the wholesale bias against perfusion SPECT
scans discussed heretofore has stymied the clinical growth of
this inexpensive, useful, and readily available procedure. The
technical aspects of correctly performing and reading these
scans has been provided to rectify this situation. The recent
introduction of new camera technologies has made it possible to
produce images that rival FDG-PET quality with lower radiation
exposure and less cost.
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CONCLUSIONS

The path into the future will be paved with collaborations
between neurologists, psychiatrists, and nuclear medicine
physicians. Hopefully, enlightened clinicians in these fields will
join together to deepen their clinical experience. Already progress
has been made in identifying perfusion SPECT correlates
in neurology and psychiatry as detailed in Part I (2). By
applying the Food and Drug Administration’s (FDA) Biomarkers,
EndpointS and other Tools (BEST) glossary definition of
a biomarker:

“a defined characteristic that is measured as an indicator
of normal biological processes, pathogenic processes, or
responses to an exposure or intervention, including therapeutic
interventions.” (146).

we can see perfusion SPECT neuroimaging can serve as
an objective biomarker of response to treatment (144, 145),
comorbidity (30, 33, 82, 84, 133), inherently difficult symptoms
to objectify, such as pain (147), and of diagnostic masqueraders
as described herein and elsewhere (30, 33, 84, 133, 148).
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