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Editorial on the Research Topic
 The Emerging Role of SPECT Functional Neuroimaging in Psychiatry & Neurology



“Emerging” is somewhat of a misnomer when used to describe the role of perfusion single photon emission computed tomography (SPECT) neuroimaging in Neurology and Psychiatry. More appropriate terms that come to mind are “misunderstood” or “ignored and undervalued”. The description which most springs to mind based on the comprehensive review by Pavel et al. (A) is “well-established, but overlooked and underutilized”. Perfusion SPECT neuroimaging has been available for a long time—over 40 years, using current tracers—still the field has not stagnated. New technology, processing techniques, normative databases, and statistical analysis algorithms have been refining the field on an ongoing basis. Amen and Easton, Pavel et al. (A) and Pavel et al. (B) provide in-depth looks at the technological advances. SPECT scans are not the Rorschach-like blobs of the 1980's, but detailed examinations of activity patterns within the human brain (using the one-off metric of perfusion), which provide a certain level of anatomical accuracy and can be compared to normative databases for differential diagnoses with high sensitivity and specificity [Pavel et al. (A)].

Yet, SPECT neuroimaging meets with sustained resistance from the fields of Neurology and Psychiatry. While the American Psychiatric Association (APA) initially embraced SPECT neuroimaging (holding seminars and workshops on its use per, Amen and Easton), now the APA and psychiatrists, in general, vilify SPECT and clinicians who utilize it (1). The untenable position of the APA (2), mired in the committee-created artificial diagnostic constructs of the Diagnostic and Statistical Manual (DSM) system (3), cannot be reconciled with the current level of neurophysiological evidence of the underpinnings of psychiatric conditions, as revealed by perfusion SPECT, quantitative electroencephalographalogram (qEEG), arterial spin echo, and functional MRI (fMRI) studies [(4, 5); Pavel et al. (A)]. Neurology as a field has taken a similar position, rejecting perfusion SPECT neuroimaging as “old”, “inaccurate”, or “experimental”. For example, they maintain that there is insufficient proof that SPECT is diagnostic or even contributory in the evaluation of traumatic brain injury (TBI). However, the sensitivity and specificity of SPECT scans in the evaluation of TBI has been studied in over 23,944 subjects [Pavel et al. (A)] and SPECT meets the criteria set forth by the American Academy of Neurology (AAN) for a Type A Recommendation based on Class II evidence from multiple large N clinical studies with control groups [Pavel et al. (A)]. Note that Class I evidence is ethically impossible in the study of TBI. Similarly, thousands of subjects have been studied using SPECT in epilepsy (over 8,500 in 10 years), and dementia (over 18,000). Perfusion SPECT is diagnostic for Alzheimer's disease with comparison to histopathology with a sensitivity of 96% and a specificity of 89% (6). Moreover, SPECT can predict the conversion from mild cognitive impairment (MCI) to Alzheimer's disease with a sensitivity of 89–97% and a specificity of 89–100%, which is arguably better than 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) (70–90% sensitivity/82–90% specificity) [Pavel et al. (A)].

A theme which emerged among the articles in this Research Topic was the concept of a perfusion SPECT “biomarker”. While biomarker was defined in a number of ways, the definition provided by Food and Drug Administration is rigorous: “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.” (7). Given that biomarkers are defined as a characteristic that can indicate change, as well as a condition, ample evidence was presented for the use of perfusion SPECT neuroimaging as a biomarker. Im et al. demonstrated frontal, insular and posterior cingulate hypoperfusion in four cases of neurosyphilis. While frontal and posterior cingulate hypoperfusion are also found in Alzheimer's disease, the additional finding of insular hypoperfusion may be a unique marker. McLean et al. presented a unique “clinical pearl” of a family of five—all of whom have been diagnosed with bipolar disorder using DSM criteria. This situation provides control for many socioeconomical, genetic, and family dynamic variables. All members of this family showed similar perfusion SPECT findings—specifically increased asymmetrical perfusion of the thalamus and increased asymmetrical perfusion of the cerebral cortices—which may serve as a biomarker for bipolar disorder (McLean et al.). Amen et al. described a potential biomarker for ADHD in a large population (N = 1,006) defined by DSM-IV criteria, detailed clinical history, and the Structure Clinical Interview for Diagnosis (SCID) who were compared to a control group that did not meet DSM-IV criteria for any psychiatric disorder. They found that hypoperfusion in the medial anterior prefrontal (orbitofrontal) cortices, anterior cingulate gyri, bilateral temporal cortices, and cerebellar subregions 8 and 9 were highly predictive of ADHD with a sensitivity of 100% and specificity of 100% (Amen et al.). Both Alster et al. and Pavel et al. (B) described SPECT findings or biomarkers which served to differentiate forms of Parkinsonian syndromes including Progressive Supranuclear Palsy, Idiopathic Parkinson's disease, Multiple System Atrophy, and Corticobasal Syndrome. Gosset et al. examined patients with both perfusion SPECT and qEEG evidence of brain injury following head trauma. Both visual read and quantitative analysis revealed frontal lobe and temporal lobe hypoperfusion in over 90% of cases with positive qEEG findings for TBI. Indeed, perfusion SPECT found cerebral changes in 100% of cases with electroencephalographic evidence of TBI, while CT and/or MRI were negative in all but one case (Gosset et al.). This finding of a potential marker for TBI replicates and reinforces the findings described in Amen and Easton, detailed extensively in Pavel et al. (B) and identified in Best et al.. Furthermore, prior studies and reviews (4, 5, 8–14) support the use of SPECT in the evaluation of TBI.

Another aspect of biomarker utility is the demonstration of change. Perfusion SPECT scans have been utilized to demonstrate response to a number of novel treatments (15–18). Best et al. revealed two additional novel treatments effective in complex, treatment-resistant cases of depression, dementia, and TBI. They used ketamine anesthesia to facilitate more powerful transcranial magnetic stimulation than would normally be tolerated to successfully treat unipolar or bipolar depression which was unresponsive to other treatments (Best et al.). In addition, they used hyperbaric oxygen therapy combined with paraspinal injection of etanercept (a tumor necrosis factor inhibitor purported to reduce inflammation) to treat TBI and dementia. In all cases, they demonstrated improvement in clinical symptoms and neurophysiological function based on pre- and post-treatment SPECT scans. Thornton et al. illustrated the neurophysiological evidence for standard community psychiatric treatment in a large open cohort of 72 patients using pre- and post-treatment SPECT scans. These studies support the use of perfusion SPECT scans as a tool to guide treatment and improve clinical outcomes by neurophysiological assessment in psychiatric disorders. The concept that SPECT scans can guide treatment and lead to improved clinical outcome is extensively discussed by Amen and Easton, Pavel et al. (B) McLean et al., and others (4, 5, 12–14, 19–21).

One final point emerged in the articles of this Research Topic. Perfusion SPECT occupies a unique niche in neuroimaging. While much maligned for its anatomical resolution, perfusion SPECT scan offers superior temporal resolution and much higher contrast sensitivity compared to anatomical MRI, functional MRI, FDG-PET, and X-ray computed tomography (CT). Contrast is the ability to discern an abnormal signal from background. The sensitivity of CT for detecting contrast agents is in the millimolar range, while that of MRI is in the micromolar range. The sensitivity of SPECT neuroimaging for detecting a radiopharmaceutical is in the nanomolar range, exceeding MRI by a thousand-fold and exceeding CT by a million-fold. Functional MRI is an area of widespread research but suffers from low signal-to-noise ratios. Temporal resolution relates to the uptake of radiopharmaceutical. The uptake of FDG in FDG-PET imaging extends over 20 min. In contrast, the uptake of perfusion SPECT radiopharmaceuticals occurs over 40–50 s. Thus, rapid events can be captured by SPECT, including seizures, attention tasks (in ADHD), pain episodes (Bermo et al.), psychotic episodes (Kalyoncu and Gonul), and other transient events. Yet, anatomical resolution is a concern in SPECT imaging and new processing techniques [McLean et al.; Best et al.; Pavel et al. (B)] and new cadmium-zinc-telluride (CZT) camera detector technologies [Pavel et al. (B)] will lead to a dramatic improvement in anatomical resolution. Nevertheless, a Pubmed search for terms “MRI brain death” yields 4,524 references. None of them specify MRI diagnostic criteria for brain death. Now, this is partly due to the incompatibility of life support equipment with the magnetic field. Nonetheless, the MRI of a dead brain can be indistinguishable for the MRI of a live brain. Ironically, the AAN practice guidelines (22, 23) specify perfusion SPECT as a diagnostic tool to prove and support the clinical diagnosis of brain death (24). While the AAN recognizes that perfusion SPECT is more sensitive than MRI in the diagnosis of brain death, the Academy fails to recognize that perfusion SPECT is more sensitive than MRI for the more subtle brain dysfunction associated with TBI, dementia, neurotoxicity, and psychiatric illnesses. The irony is striking.
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Progressive supranuclear palsy (PSP) and corticobasal syndrome (CBS) are clinical syndromes classified as atypical parkinsonism. Due to their overlapping symptomatology, recent research shows the necessity of finding new methods of examination of these clinical entities. PSP is a heterogenic disease. PSP Richardson-Steele Syndrome (PSP-RS) and parkinsonism predominant (PSP-P) are the most common clinical variants of progressive supranuclear palsy syndrome. The different clinical course and life expectancy of PSP-RS and PSP-P stress the need of efficient examination in the early stages. The aim of the study was to evaluate the possible feasibility of the combined use of frontal assessment battery (FAB) and single-photon emission computed tomography (SPECT) in the differentiation of PSP-RS, PSP-P, and CBS. The findings show that FAB may be interpreted as a possible supplementary tool in the differential diagnosis of PSP-P and PSP-RS. The differences in SPECT are less pronounced. The study does not show any advantages of performing combined frontal SPECT and FAB in the differential examination of PSP and CBS. Moreover, PSP-RS and CBS, in a detailed evaluation of the frontal lobe, do not show any significant differences. This is a relatively small study which, however, highlights the relevant features of clinical examination of these rare entities.

Keywords: SPECT, tauopathies, parkinsonism, progressive supranuclear palsy, frontal lobe


INTRODUCTION

The examination of tauopathic atypical parkinsonism remains a difficult issue. The differentiation of progressive supranuclear palsy syndrome and corticobasal syndrome (CBS) is affected by significant overlaps in the diseases' symptomatology. Growing interest is associated with the search for effective tools in the assessment of four-repeat tauopathies and their clinical manifestations (1). The recent criteria of diagnosis of PSP show four critical axes of diagnosis—akinesia, postural instability, cognitive and language deficiencies, and oculomotor dysfunction—and stress the necessity of discriminating variants (2). Among the variants of PSP, the most common—PSP-Richardson–Steele syndrome and PSP-parkinsonism predominant—should be primarily indicated as they are related with up to 90% cases of PSP (about 60% of PSP-RS and about 30% of PSP-P)3. Additionally, recent literature highlights the boundaries between PSP and CBS and stresses the need for finding examination tools, which may be supplemental to neurological examination and most common additional assessments such as magnetic resonance imaging (MRI) (1, 3–5). The contemporary criteria of diagnosis of CBS were released in 2013 and do not explore the field of evolving supplementary examinations (3). The studies based on positron emission tomography (PET) showed various limitations as off-binding of radiotracer observed in [18F]-AV1451-PET, non-specific radiotracers as [18F]-FDG-PET7, or unfortunate economical aspect. The second-generation tau radiotracers such as [18F]-PI2620-PET seem to play a possibly beneficial role; however, they are not accessible in everyday clinical practice. Single-photon emission computed tomography (SPECT), with its various radiotracers such as 99mTc-HMPAO, is more accessible which, however, is affected by low specificity. Previous studies with SPECT-99mTc-HMPAO conducted on patients with tauopathic atypical parkinsonism showed thalamic hypoperfusion in PSP which, however, did not confirm any significant differences of perfusion between PSP and CBS (6, 7). A combined assessment using dopamine transporter and perfusion SPECT was evaluated in a paper by Van Laere et al. where the authors attempted to define the role of this assessment in the differential diagnosis of parkinsonism (8). The study examined patients with diagnosis of idiopathic Parkinson's disease, essential tremor, PSP, multiple-system atrophy, and dementia with Lewy bodies. The singular dopamine transporter evaluation enabled 58.8% effective differentiation. Perfusion examination presented effectiveness in 67.6% of differential diagnoses. The combined examination showed 82.4% efficacy. The study was based on the examination of small groups−12 PSP patients (8). The authors did not discuss PSP phenotypes as separate entities. The issue of combined perfusion, metabolism, and dopaminergic evaluation was earlier evaluated in PET. Striatal abnormalities in metabolic PET were found to be sensitive in the examination of multiple system atrophy (MSA); however, dopaminergic evaluation was not found to be feasible in the differential examination of parkinsonian syndrome (9). Another work presented the differentiation of parkinsonism using technetium-99m ethyl cysteinate dimer. It confirmed a potentially beneficial role in the differential diagnosis of MSA and idiopathic Parkinson's disease (PD) (10). An examination performed using simultaneous 99mTc-ECD/123I-FP-CIT revealed higher striatal binding in MSA when compared to PD. Asymmetry was more prominent in PD13. A study evaluating Tc-99m ethylene cysteinate in the SPECT examination of PD and MSA showed elevated perfusion in the lentiform, cerebellum, and thalamus among patients with PD (11).

The diagnosis of PSP-P was not stressed in any of the studies. Regarding the limited feasibility of SPECT in the examination of tauopathic parkinsonism, the authors of this study intended to verify the usefulness of combined examination using assessment of frontal lobe in perfusion and neuropsychological assessment using frontal assessment battery (FAB), a short screening test that evaluates the executive functions.

According to the most recent theories, frontal lobes are responsible for the control of complex functions, such as abstract reasoning, self-regulation, motor programming, mental flexibility, inhibitory control, and environmental autonomy (12). Assessing these functions and being able to identify the dysexecutive syndrome are helpful for the diagnosis of brain diseases, such as frontotemporal dementia, parkinsonian dementia, and vascular dementia.

Deficits in executive functioning may be observed in PD and also in all atypical parkinsonisms (13–15). The severity of the dysexecutive syndrome in these diseases may vary from mild deterioration to a highly pronounced executive dysfunction being one of the main symptoms (PSP-RS). It may also coexist with other cognitive deficits (as in some manifestations of CBS) (15). However, as present in almost all patients with parkinsonism, the dysexecutive syndrome should be always neuropsychologically assessed. Several neuropsychological tests and clinical trials were designed to assess the frontal lobe functions. The most known and widely used are The Wisconsin Card Sorting Test (WCST), the Stroop Test, the Tower of London, Brixton Spatial Anticipation Test, and the Behavioral Assessment of the Disexecutive Syndrome (BADS) (13). All of them are tests of confirmed sensitivity to the disexecutive syndrome; however, they assess just some several aspects of executive functioning (WCST and Stroop), take quite a lot of time, and require some more complex preparations and use of test tools (BADS) or the results depend on the time of performance (ToL).

FAB is designed to be administered at bedside in about 10 min. It consists of six tasks, each of which was designed to assess one of the main frontal lobe functions (abstract reasoning, mental flexibility, motor programming, inhibitory control, sensitivity to interference, environmental autonomy)15. It is possible to receive zero to three points for each of the test items, giving a maximal total score of 18 points. None of the tasks requires any tools. There is no need for the patient to be able to perform complex movements (which is particularly important while assessing patients with movement disorders, such as Parkinson's Disease or atypical parkinsonian syndromes) (13). The FAB has been found to highly correlate with the results of other neuropsychological tests measuring executive functions (e.g., WCST) and is known for its sensitivity to executive dysfunctions in parkinsonism (14), which makes it a useful tool for clinical practice.



MATERIALS AND METHODS

In this prospective study, all patients gave informed consent to participate in this research. The bioethical committee of the Medical University of Warsaw approved this study. From May 2017 to September 2020, 58 patients, in total, were enrolled. The neurological examination and diagnosis were based on the recent criteria and conducted in the Department of Neurology of the Medical University of Warsaw in all of the cases. The neuropsychological examination was performed by two neuropsychologists working (9 years of experience) in the Department of Neurology at the Medical University of Warsaw and experienced in the assessment of psychological deficiencies in atypical parkinsonism.

Due to the fact that certain patients did not accomplish the examination for various reasons, the authors of this study were forced to exclude about 29.3% of the cases primarily planned for further evaluation. Finally, the research group was based on 41 participants with clinical diagnosis of probable PSP-P, CBS, and PSP-RS and consisted of 18 patients with PSP-RS (11 male, seven female), 11 patients with PSP (six male, five female), and 12 patients with CBS (one male, 11 female). All patients were right-handed, and the duration of the disease varied from 2 to 5 years. Out of the 41 study participants, 23 (56.1%) were female and 18 (43.9%) were male. The mean age was 70.2 years (range, 54–85 years) (Table 1).


Table 1. Basic characteristics of research group and subgroups: progressive supranuclear palsy-Richardson–Steele syndrome (PSP-RS), progressive supranuclear palsy-parkinsonism predominant (PSP-P), and corticobasal syndrome (CBS) in relation to single-photon emission computed tomography parameters, frontal assessment battery, and subgroups comparison.
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The final research group underwent neuropsychological examination with FAB testing and perfusion assessment using SPECT 99mTc-HMPAO. Due to the fact that the software used in the study to assess perfusion in SPECT shows the results of patients compared to 20 healthy volunteers, due to ethical reasons, SPECT was not additionally conducted on the controls in this study. In order to avoid examining the controls only in neuropsychological examination, the results of the FAB test were compared with the standard results of healthy volunteers from the literature.


Frontal Assessment Battery

In this study, FAB was used due to the relevant role of frontal lobe syndrome in the symptomatology of PSP. The frontal lobe syndrome is generally associated with the Richardson–Steele variant of PSP, as patients affected by this disease often present rapidly progressing changes in behavior. In this context, FAB, regarding its simplicity and possible screening value, may be interpreted as a valuable supplement in the examination of PSP. As growing interest is related to boundaries between parkinsonian syndromes based on four-repeat tauopathies, in the opinion of the authors of the study, extended evaluation of similarities and differences regarding the frontal lobe in PSP-RS, PSP-P, and CBS seem to be an intriguing issue.



Single-Photon Emission Computed Tomography

SPECT, with technetium-99m hexamethylpropyleneamine oxime (99mTc-HMPAO) as a radiotracer, was used for the evaluation of regional cerebral blood flow. Then, 740 MBq of radiotracer was administered in patients placed in a quiet, dimly lit room in supine position. Examinations were performed with SPECT/CT scan (Symbia T6, Siemens) on dual-head gamma camera with low-energy high-resolution parallel-hole collimator. Step and shoot acquisition mode was used, and sequences of 128 frames on a 128 × 128 matrix were obtained (64 projections per head, 30 s per projection). The photopeak was set at 140 keV with 10% window on either site of the photopeak. Iterative reconstruction (eight iterations, eight subsets, 7 mm Gauss filter), scatter correction, and CT attenuation correction were performed. Post-processing analysis was performed with Scenium software (Siemens Medical Solutions USA, Inc.). The regions of interest (ROIs) were predefined on a high-resolution T1 MRI volume scan. Perfusion in the basal ganglia, frontal lobes, hemispheres of cerebella, and thalami was subsequently examined among all patients. Values of variances from ROIs in individual parts of the frontal lobe on both sides (right and left separately) were taken for statistical analysis.



Statistical Analysis

Statistical analyses were performed using Statistica software (version 13.1, Dell, Inc. Statsoft). The presented data were expressed as means with 95% confidence interval. Data distributions were assessed by Shapiro–Wilk W test. For comparison of parametric and non-parametric variables, Student's t test and Mann–Whitney U test were used, respectively. Frequencies of nominal variables were compared using χ2 test. In case of small group counts, Yates correction was used. We performed receiver operating characteristic (ROC) curves to evaluate the diagnostic performance of SPECT parameters and FAB as predictors of PSP-RS, PSP-P, and CBS analyzing sensitivity and specificity for each possible threshold/cutoff, and we used area under the ROC curve (AUC) to express the overall diagnostic accuracy of the index criterion and for comparison between significant parameters. Analysis was made in search of the parameters that best differentiate particular subgroups against each other. We have reported 95% confidence interval for calculated AUC p-value. Based on the ROC curves, we have determined the cutoff point for each parameter and reported its positive predictive value (PPV), negative predictive value (NPV), and accuracy (ACC). Those results were used in next-step multivariable analysis. For this purpose, we have used logistic regression to answer a question if any combination of SPECT parameters and FAB has greater overall performance in relation to single-variable analysis in differentiating PSP-RS, PSP-P, and CBS with a report of OR and its 95% confidence interval, accuracy, and level of significance (p-value). P < 0.05 was considered as indicative of a statistically significant difference. In the logistic regression part of the analysis, we have made an effort to build a multivariate model characterizing each of the subgroups separately using logistic regression and taking into account previous results.




RESULTS


Basic Characteristics

The mean, maximal, minimal, and standard deviation with 95% confidence interval values of age, frontal assessment battery, and SPECT parameters [divided into right (R) and left (L) sides] are listed in Table 1. A comparison of PSP-P and PSP-RS revealed significantly higher values of FAB for PSP-P (13.9 vs. 11.4; p = 0.0165) and higher values of SPECT variances [superior frontal gyrus, medial (AAL) on the left side] for PSP-P (−0.2 vs. −1.5; p = 0.0091; Table 1). Higher values of SPECT variances were also obtained for PSP-P in relation to CBS in several regions: frontal lobe, −0.7 vs. −2.4 (p = 0.023); frontal lobe (AAL), −0.6 vs. −2.3 (p = 0.0202); frontal lobe (AAL) (L), −0.4 vs. −2.3 (p = 0.0138); frontal lobe (flutemetamol), −1.4 vs. −3.3 (p = 0.0338); inferior frontal gyrus opercular part (AAL) (L), −1.9 vs. −3.4 (p = 0.0228); middle frontal gyrus (AAL) (L), −0.4 vs. −1.9 (p = 0.0106); superior frontal gyrus, dorsolateral (AAL) (L), 0.3 vs. −2.2 (p = 0.0027); superior frontal gyrus, dorsolateral (AAL) (R), −0.2 vs. −1.9 (p = 0.0268); superior frontal gyrus, medial (AAL) (L), −0.2 vs. −1.4 (p = 0.0171); and superior frontal gyrus, medial orbital (AAL) (L), −0.6 vs. −2.1 (p = 0.0489) (Table 1). Assessment of SPECT parameters in relation to PSP-RS and CBS revealed significant differences only in one region, frontal lobe—Atlas 1, with higher values of SPECT variances in the case of PSP-RS, −1.2 vs. −2.1 (p = 0.049) (Table 1).



ROC Curve Analysis

In the case of PSP-RS, only the FAB turned out to be a significant parameter differentiating this subgroup from the others with AUC of 0.691 (95% CI, 0.522–0.86; p = 0.027) and cutoff of 12, with sensitivity, specificity, PPV, NPV, and ACC at 72.2, 65.2, 61.9, 75, and 68.3%, respectively (Table 2 and Figure 1). Similarly, for PSP-P, among others, FAB turned out to be a significant parameter, with AUC of 0.726 (95% CI, 0.568–0.883; p = 0.0049) and the same cutoff of 12 and with higher values of sensitivity at 90.9% and NPV at 92.9% but lower specificity, PPV, and ACC at 43.3, 37, and 56.1%, respectively (Figure 2A). The other parameters include frontal lobe (AAL) L (Figure 2B) and superior frontal gyrus dorsolateral (AAL) L (Figure 2C), with higher values of AUC at 0.73 (95% CI, 0.552–0.909; p = 0.0115) and 0.748 (95% CI, 0.567–0.93; p = 0.0073), respectively, and a slightly better overall performance (Table 2). For CBS, the essential parameters occurred to be six SPECT parameters as listed in Table 1 and Figures 3A–F. The best overall performance revealed frontal lobe (AAL) L with AUC = 0.71 (95% CI, 0.542–0.878; p = 0.0145) and with cutoff value equal to −2.2 and sensitivity, specificity, PPV, NPV, and ACC at 75, 95.7, 90, 88, and 88.6%, respectively (Figure 3B). The highest value of AUC (0.749; 95% CI, 0.601–0.896; p = 0.001) was calculated for superior frontal gyrus dorsolateral (AAL) L (Figure 3F), with slightly higher values of sensitivity and NPV but with lower values of specificity, PPV, and ACC (Table 2).


Table 2. Receiver operating characteristic curve analysis of single-photon emission computed tomography parameters and frontal assessment battery (FAB).
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FIGURE 1. Receiver operating characteristic curve graph of frontal assessment battery (area under the ROC curve = 0.691) as a predictor for progressive supranuclear palsy-Richardson–Steele syndrome with marked cutoff value.
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FIGURE 2. Receiver operating characteristic curve graphs of (A) frontal assessment battery [area under the ROC curve (AUC) = 0.726], (B) frontal lobe (AAL) (L) (AUC = 0.73), and (C) superior frontal gyrus, dorsolateral (AAL) (L) (AUC = 0.748) as independent predictors for progressive supranuclear palsy-parkinsonism predominant with marked cutoff values.
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FIGURE 3. Receiver operating characteristic curve graphs of (A) frontal lobe [area under the ROC curve (AUC) = 0.704], (B) frontal lobe (AAL) (L) (AUC = 0.71), (C) frontal lobe—Atlas 1 (AUC = 0.718), (D) inferior frontal gyrus, opercular part (AAL) (L) (AUC = 0.739), (E) middle frontal gyrus (AAL) (L) (AUC = 0.728), and (F) superior frontal gyrus, dorsolateral (AAL) (L) (AUC = 0.749) as independent predictors for corticobasal syndrome with marked cutoff values.




Logistic Regression

Unfortunately, for PSP-RS, it was not possible to build a model based on logistic regression in any combination of the available variables. In the case of PSP-P and CBS, models were successfully built, but only based on single variables. Any other combination and adding of the next variables did not bring any statistically significant changes. For PSP-P, the FAB turned out to be an important parameter, with OR of 29.3 (95% CI, 2.6–336.4; p = 0.0311) and with diagnostic accuracy of 72.4%. On the other hand, superior frontal gyrus dorsolateral (AAL) L was an important parameter for CBS with OR of 6.0 (95% CI, 1.1–33.4; p = 0.0218) and with diagnostic accuracy of 82.6% (Table 3).


Table 3. Logistic regression analysis of progressive supranuclear palsy-parkinsonism predominant (PSP-P) and corticobasal syndrome (CBS) in relation to single-photon emission computed tomography and frontal assessment battery parameters.

[image: Table 3]




DISCUSSION


PSP-P as an Important Entity in Differential Diagnosis

To the best of our knowledge, this is the first study to evaluate the examination of frontal lobe as a possible factor differentiating variants of PSP in a combined neuropsychological and perfusion assessment perspective. Our data confirm the clinical variability among patients with the two main subtypes of PSP. As the obtained results show, the impairment in executive functions could be a significant factor in the differential diagnosis of PSP variants. The analysis of the results indicate that the dysexecutive syndrome in the parkinsonian variant (PSP-P) might be less severe than in PSP-RS, with the FAB scores oscillating rather above 12 in the first and under 12 in the latter. Such differences could be correlated to distinct tau distribution in the course of PSP in each of its variants (5). Our findings are congruent with observations made by Pellicano et al. who reported some significant differences in executive functioning in PSP-P vs. PSP-RS patients (19). The lack of additional role of combined examination in FAB and SPECT seems to be a consequence of the limited specificity of the methods and the assessment being limited to the frontal lobe rather than the lack of differences between these two entities. Previous studies showed more severe volume loss in PSP-RS within the frontal pole and inferior frontal gyrus in the volumetric analysis (5). In our study, significant differences between PSP-P and PSP-RS were observed within the superior frontal gyrus medial of the dominant hemisphere. It should also be stressed that, in the majority of works, the abnormalities in PSP-P were rarely observed within the frontal lobe (16). Additionally, more differences were observed in the comparison of perfusion of PSP-P and CBS. This observation, in association with the lack of significant differences between PSP-RS and CBS, shows that perfusion in PSP-P is least deteriorated when evaluating all three entities. The results comparing PSP-P and PSP-RS, on one hand, come up with the findings showing a more beneficial course of the disease and the necessity of evaluating these variants as separate entities (20). The obtained results show that more research in the field involving larger groups of patients should be conducted. Previous studies of SPECT in PSP-P and PSP-RS did not highlight the issue of perfusion; however, an analysis concerning the dopaminergic degeneration in both entities was conducted. In a study evaluating groups of patients with PSP-P—four patients, PSP-RS—six patients, and PD−10 patients, the authors used alternative sets of SPECT—dopamine transporter and I-iodobenzamide D2 receptor radiotracer in each case. The first radiotracer showed significant differences in the putamen-to-caudate ratio between PD and PSP groups (without discriminating variants of PSP). The radiotracer indicating D2 receptor was found to be feasible in the differentiation of PSP-RS and PSP-P as the striatal uptake was reduced in PSP-RS and mildly increased in PSP-P (21). The obtained results, though based on relatively small groups of patients, show that assessment in executive functions using FAB is possibly useful in the differential diagnosis of PSP-P and PSP-RS with similar durations.



The Boundaries Between PSP-RS and CBS

This study, though presenting minor differences between PSP-RS and CBS, shows that FAB and assessments of perfusion in SPECT present slightly more severe deterioration in CBS. The differences cannot be interpreted as evident as the significant differences in SPECT were observed only in one of the parameters, frontal lobe—Atlas 1 (an area automatically indicated by Scenium software). All other evaluations of the frontal lobe in SPECT did not provide significant differences. This difference does not significantly impact the clinical manifestation and the doubtful boundaries between PSP-RS and CBS. This could be partially explained by similarities of perfusion in the vast majority of ROIs. The combined assessment using FAB and SPECT examination of frontal perfusion does not provide an additional tool in differential diagnosis. The finding confirms the questionable boundaries between the clinical syndromes (1, 7).

However, considering the variety of possible manifestations of CBS, a further research considering the use of other neuropsychological assessment methods should be done. The frontal–executive variant may, in fact, be hardly distinguished from PSP-RS. The other variants of CBS though (the variants with apraxia, aphasia, or visuospatial deficits dominating the clinical manifestation) (13, 15) should be distinguished.

Earlier evaluations of PSP and CBS generally did not discriminate the variant PSP-RS, which could deviate possible findings. In a study analyzing iodine-123-labeled FP-CIT SPECT, the authors indicated high sensitivity in the examination of PSP (22). The work did not take into account the heterogeneity of PSP. A work examining patients with PD, MSA-P, and PSP showed no significant differences between PD and PSP (23). The utility of dopamine transporter SCAN (DaTSCAN) is interpreted as limited in the examination of PSP. The limitations of DaTSCAN in the examination of PSP are related with the lack of differential impact in the examination of Parkinson's disease and atypical parkinsonism (24). The DaTSCAN of a patient with PSP and CBS was also found to lack differences with that of a patient affected by progressive apraxia of speech (25).



Limitations

This study is based on the examination of relatively small groups of patients, which is a result of examining rare entities in a single department. The authors of this study are aware that the methods used in the study are non-specific, should be interpreted as possible supplementary tools, and cannot be evaluated independently when making the diagnosis. The disproportion of the number of males and females in the CBS group is a result of the need to exclude patients who did not fulfill all of the examinations planned in the study. Another limitation associated with this investigation is that the increase in familywise error rate across the reported statistical analyses was not controlled. Overall, we consider this research as a pilot study and encourage replication. The aim of the study was to choose tools which could be accessible in everyday practice.




CONCLUSIONS

1. Neuropsychological examinations of patients based on the FAB tool is important and can be helpful in the diagnosis of the subtypes of PSP: PSP-RS and PSP-P.

2. For CBS, SPECT shows greater differences of mean variance values from the neutral level in comparison to PSP-RS and PSP-P. This may be related to a more severe clinical course compared to PSP.

3. Currently, basing on the study group, the multiparametric assessment of patients with PSP-RS, PSP-P, and CBS based on SPECT features and FAB has not achieved greater overall performance than the single-parameter assessment. This implies a need for discerning clinical evaluation of the patient by an experienced clinician during the diagnostic process and use of SPECT and FAB as accessory tools.
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Functional neuroimaging modalities vary in spatial and temporal resolution. One major limitation of most functional neuroimaging modalities is that only neural activation taking place inside the scanner can be imaged. This limitation makes functional neuroimaging in many clinical scenarios extremely difficult or impossible. The most commonly used radiopharmaceutical in Single Photon Emission Tomography (SPECT) functional brain imaging is Technetium 99 m-labeled Ethyl Cysteinate Dimer (ECD). ECD is a lipophilic compound with unique pharmacodynamics. It crosses the blood brain barrier and has high first pass extraction by the neurons proportional to regional brain perfusion at the time of injection. It reaches peak activity in the brain 1 min after injection and is then slowly cleared from the brain following a biexponential mode. This allows for a practical imaging window of 1 or 2 h after injection. In other words, it freezes a snapshot of brain perfusion at the time of injection that is kept and can be imaged later. This unique feature allows for designing functional brain imaging studies that do not require the patient to be inside the scanner at the time of brain activation. Functional brain imaging during severe burn wound care is an example that has been extensively studied using this technique. Not only does SPECT allow for imaging of brain activity under extreme pain conditions in clinical settings, but it also allows for imaging of brain activity modulation in response to analgesic maneuvers whether pharmacologic or non-traditional such as using virtual reality analgesia. Together with its utility in extreme situations, SPECTS is also helpful in investigating brain activation under typical pain conditions such as experimental controlled pain and chronic pain syndromes.
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INTRODUCTION

Pain is one of the most challenging clinical entities in medicine. Developments in non-invasive functional brain imaging techniques in the last few decades such as Single Photon Emission Computed Tomography (SPECT), Positron Emission Tomography (PET) and functional Magnetic Resonance Imaging (fMRI) have significantly added to the scientific knowledge about the mechanism of brain processing of pain signals and how it is modulated by different analgesic interventions (1, 2).

Functional brain imaging studies vary in design and investigated target. Receptor imaging studies such as Serotonin and Nicotinic Receptors do not provide temporal information. Fluorodeoxyglucose (FDG) PET utilizes glucose metabolism as a surrogate of neuronal activity. FDG is continuously taken in by the neurons during the uptake time (time between injection and scanning, typically 30–90 min) and does not provide useful temporal information for shorter-lived events such as acute pain or epilepsy. The majority of functional neuroimaging techniques focus on detecting changes in regional blood flow as a surrogate of neuronal activation. fMRI measures/images changes in brain activation while the subject is inside the scanner. fMRI allows real time imaging of brain functional changes during minor or experimental pain experiences with a relatively good temporal resolution. But has limited utility for imaging of severe clinical pain that occurs when the patient is not in the brain scanner, (e.g., during painful medical procedures). It would be difficult or unethical to have the patient inside the scanner during the event. For example, you cannot perform painful wound debridement on a severe burn patient that is in the fMRI borehole (and the patient would have trouble keeping their head very still during the scan, as required to avoid motion artifacts). Similarly, it is difficult to obtain good fMRI brain scans of an epilepsy patient while they are having a seizure due to timing challenges and motion artifacts.

Brain perfusion SPECT using commercially available radiotracers has a unique characteristic that allows freezing an image of brain activation at the time of injection, which can be done in virtually any clinical scenario (e.g., during painful medical procedures conducted outside of the brain scanner, or they can get injected during unpredictable onset epileptic seizures as they are laying in their hospital beds, and the snapshot of brain perfusion at the time of injection is temporarily stored in their brain and can be imaged 1 or 2 h later. This brain activation pattern can be converted into a computer image after the painful event is over, when the patient can be transported and can stay still in the scanner. The concept of freezing an image of pain-related brain activity that can be imaged later is clinically useful in designing functional brain imaging studies where fMRI is not possible due to MRI unfriendly or incompatible clinical circumstances (3), e.g., all virtual reality equipment used in the fMRI scanner must be non-ferrous and non-conductive.

Brain SPECT is a simple technique with minimal stress to the patients. It involves only intravenous administration of a radioisotope during the painful event (e.g., the medical procedure, seizure, or spike in chronic pain) then later laying still in a relatively quiet scanner. Radiation dose varies depending on the radiotracer used and whether an additional low dose CT is used for anatomic localization and attenuation correction to facilitate quantification (4).

Multiple radiotracers have been developed with different purposes; to understand normal brain physiology, to detect static or slowly dynamic brain changes in pathologic conditions, and to investigate brain functional changes at selected time points under natural or experimental pathologic conditions with and without medical interventions. The aim of these studies is to improve our understanding of normal brain function and physiopathological mechanisms of neuropsychiatric diseases. Interpretation of these studies can be either purely qualitative or can provide quantitative/semi-quantitative information (5–7).



SPECT VS. PET

Compared to PET, SPECT images suffer from limited spatial resolution. This is partially inherent in the physics of the technique, however there have been significant improvements in SPECT spatial resolution with the introduction of high sensitivity solid state detectors such as Cadmium zinc telluride (CTZ) and Cesium Iodide (CsI) as compared to a conventional Anger camera (8).

Temporal resolution is an important factor in designing functional brain studies. Temporal characteristics of functional brain imaging with PET varies with the radiotracer used and the image acquisition technique. Oxygen-15 (15O) gas inhalation or labeled water (15O-water) infusion has been used as perfusion agents to study experimental brain activation. 15O has a very short half-life (~2 min) requiring onsite cyclotron, a complicated imaging setup, and is limited to brain activity that can take place inside the PET scanner only. The most commonly used isotope in PET imaging, Fluorine-18(18F) is commercially available with a half-life of about 110 min, eliminating the requirement for an onsite cyclotron. In traditional FDG-PET imaging, using the most popular tracer paralleling glucose metabolism (18F-labeled FDG), there is continuous uptake of the tracer by the neurons during the time between radiotracer injection and imaging (the uptake time, typically 30–90 min), which limits its utility to imaging of prolonged brain activity experiences such as interictal imaging of epilepsy, prolonged pain, or placing the patient into a predesigned activation status such as virtual reality (9), walking (10), or prolonged olfactory stimulation (11) during the uptake time. Ripp et al. (12) tested dual time point acquisition of baseline brain metabolism and metabolism with predesigned activation after single FDG injection. There have been recent reports for redesigned FDG-PET functional brain imaging studies with constant infusion of the radiotracer while the patient is inside the scanner and acquiring dynamic images, a technique called functional PET (fPET) (13–15). fPET might gain popularity with the introduction of new high efficiency total body PET scanners and improved time resolution of the camera. The major limitations of fPET are the radiation dose penalty -compared to fMRI which does not use ionizing radiation- and the “activation in the scanner” requirement (16, 17).



SPECT RADIOPHARMACEUTICALS

The two most commonly used radiotracers to evaluate brain perfusion using SPECT are Technetium-99 m (99mTc) labeled Hexamethylpropylene Amine Oxime (HMPAO) and Ethyl Cysteinate Dimer (ECD). Both agents have very similar imaging characteristics, however ECD is more popular due its longer shelf life that is very helpful in designing studies when the patient cannot be inside the scanner at the expected time of brain activation, and more importantly when the time of desired brain activity when radiotracer injection is required cannot be predicted, such as ictal epilepsy or migraine studies.

ECD is a lipophilic compound that moves across the blood-brain barrier efficiently and has a high first pass uptake by a normal brain proportional to regional cerebral blood flow with the maximum peak activity reached within 1–2 min after intravenous injection. No significant further radiotracer uptake by the brain takes place a few minutes after intravenous injection. Once taken in by the neurons, it is rapidly de-esterified to a polar metabolite that does not cross the blood brain barrier back and is retained within the brain. ECD does not undergo redistribution within the brain and the gray/white matter activity ratio remains consistently high within the imaging window as measured from multiple sequential SPECT studies. ECD clearance from the brain is relatively so slow that the intracerebral distribution is almost fixed during the time period required inside the scanner. Clearance of ECD from the brain follows a biexponential mode: 40% percent of the brain activity is cleared with a biological half-life of 1.3 h while the remaining activity is cleared slowly with a biological half-life of 42.3 h. There is an additional exponential decay of radiotracer activity with a physical half-life of 6 h. Blood pool activity is cleared rapidly, resulting in high target to background ratio that leads to good quality images starting shortly after injection. ECD demonstrates rapid clearance from facial muscles and salivary glands, further improving image quality. Rapid lung clearance further reduces background activity and improves the brain to soft tissue ratio. The main route of excretion is through the kidneys with a small fraction cleared through hepatobiliary system. The critical organ is the urinary bladder wall (18–23).



IMAGE RECONSTRUCTION

There is no standardized technique for SPECT image reconstruction and viewing. The most commonly used steps involve normalizing measured activity to global brain activity and spatially registering each individual brain to a standard space to eliminate individual differences in the configuration of the brain. Statistical analysis is then performed via voxel by voxel comparison to a normal database. The two most commonly used software packages for image processing and display are Statistical Parametric Mapping (SPM) and Three-Dimensional Stereotactic Surface Projection (3D-SSP). SPM utilizes the t-test for analysis of results in high specificity but low sensitivity. 3D-SSP analyzes blood flow to the brain surface (1, 24).



IMAGING OF PAIN

Functional brain studies allow non-invasive assessment of regional brain activity, generally using blood flow or metabolism as a surrogate of neuronal activity. Advances in functional brain imaging in the last few decades has provided cumulative knowledge about the central mechanisms involved in perception of pain and modulation of this activity by different pharmacologic and non-pharmacologic analgesic interventions (25–27).

Pain is a basic human sensation and an important warning tool against serious conditions. Pain is generally induced by tissue damage or neural pathway abnormality (neuropathic pain). Pain can be acute, chronic, or episodic. Pain is also a complex experience that does not include merely nociception of a stimulus causing sensory input, but is further modified by genetic factors, cultural and environmental factors, memory, circumstantial expectations, anticipation, emotional background, empathy, alertness, motivation, degree of attention vs. distraction, cognitive interpretation and active attempts at modulation of pain perception. Given the diverse nature of human pains and the difficulty to design a study paradigm that completely accommodates for the emotional, cognitive and sensorimotor changes usually associated with the pain experience, it is expected that not all pain experiments will demonstrate the same pattern of brain activation (28–34).

The full anatomic and physiologic process of pain signal processing is not completely understood. The process involves a large network including cortical and subcortical regions. The regions reported to be most consistently activated in functional brain studies during acute pain include the midbrain, thalamus, hypothalamus, amygdala, anterior cingulate cortex, prefrontal region, insula, orbito-frontal cortex, and primary and secondary somatosensory cortices. The term “pain matrix” is commonly used to refer to these regions collectively. Increased regional blood flow in these regions is correlated with the subjective rating of the painful stimuli. The subjective pain experience is further influenced by contextual cortical modulations and the descending pain modulatory system, which can exert inhibitory control at the dorsal horn of the spinal cord to modulate nociceptive input. In other words, the brain can send signals down to the spinal cord, which reduce (or in some cases increase) the amount of nociceptive signals allowed to travel from the spinal cord to the brain. This control system has a cortical component at the anterior cingulate and prefrontal cortex and subcortical components at certain brainstem nuclei (3, 25, 34–39). A small but important study in two subjects who are “pain-free” due to SCN9A mutation, showed activation of the pain matrix during laboratory mechanical pain applied to the dorsum of their hand, similar to response in 4 normal control subjects (40). Further study in this area of understanding the “pain-matrix” for acute pain is needed.

A pain processing network model by Garcia et al. (29) suggested that pain is processed at three levels, at an unconscious level processed in peri-Rolandic cortex and limbic system receiving afferent spinothalamic pain signals, at an intermediate awareness level processed at fronto-cingulate-parietal networks in addition to the sensorimotor cortices, and at a higher conscious extended level which includes adding input from memories and self-awareness. The comprehensive pain experience processing network appears to include more regions with contribution from other cortical and subcortical cerebral regions such as the brain stem and the cerebellum (3, 29).



CHRONIC PAIN

Chronic pain syndrome is a difficult clinical entity that is not completely understood. Some studies suggested that dysfunctional coordination between ascending and descending pain pathways plays a major role in the pathophysiology of chronic pain syndrome. Brain activation appears to be different in chronic pain compared to acute pain (25, 41).

Nakamura et al. (4), recruited low back pain patients with no significant abnormalities in the lumbar spine detected during MRI and reported significantly decreased blood flow in the bilateral prefrontal cortex in patients with chronic low back pain compared to patients with acute low back pain. In a controlled study of 12 patients with chronic pain using ECD SPECT, Nakabeppu et al. (41) reported a significant decrease in blood perfusion in the thalamus bilaterally in chronic pain patients compared to their control counterparts. Honda et al. (1) studied 15 chronic pain patients using SPECT and reported reduction in rCBF in several brain areas (e.g., prefrontal area, right orbitofrontal cortex, anterior cingulate gyrus).



FIBROMYALGIA (FM)

Several studies have demonstrated the role of ECD brain perfusion SPECT in imaging of brain activity changes in Fibromyalgia (FM) patients before and after therapy (42–50). Chen et al. studied 91 patients with FM and reported reduction in blood flow in the temporoparietal and frontal regions in addition to the thalamus and basal ganglia (42). In a study of fibromyalgia patients, baseline thalamic blood flow was decreased below normal age matched database. Thalamic blood flow improved after electroconvulsive therapy (ECT), this improvement was correlated with subjective reporting of improved level of pain (47).

In a controlled study of 18 hyperalgesic FM female patients, Guedj et al. reported significant hypoperfusion in the somatosensory cortex as well as frontal, cingulate, medial temporal and cerebellar cortices (50). In another study of 20 Fibromyalgia patients, the same group studied the correlation between cerebral blood flow and pain using several self-reported pain measurement as well as depression and anxiety scales. They reported that the clinical severity of the disease was correlated with abnormalities of blood flow (43). The authors suggested that SPECT can guide therapeutic strategies for patients as an objective measure. In two other studies, the same group reported that SPECT predicted analgesic response to ketamine in hyperalgesic FM patients. The authors showed a significant hyperperfusion in midbrain periaqueductal gray in patients reporting reduction in subjective pain after Ketamine (responders) vs. non-responders (49) while non-responders exhibited a significant hypoperfusion in bilateral medial frontal gyri (50).

Usui et al. reported rCBF abnormalities in FM patients compared to their control counterparts including decreased perfusion at the left culmen and increased perfusion in the right posterior cingulate, precentral, superior occipital, and middle temporal gyri and right cuneus, and increased perfusion at the left superior and inferior parietal lobules and postcentral gyrus. Furthermore, patients with good response to gabapentin demonstrated significant hypoperfusion in the right medial frontal gyrus, left insula, left inferior frontal gyrus, and left culmen and increased perfusion in the left superior frontal and postcentral gyri while poor responders demonstrated significant decreased perfusion to the left orbital gyrus and hyperperfusion in the right precentral and postcentral, posterior cingulate, and superior temporal gyri, right precuneus, right inferior parietal lobule, and left middle frontal and middle occipital gyri (48).


Episodic Pain

Ictal perfusion SPECT imaging has been used for presurgical evaluation of epilepsy patients for decades. Subtracting interictal from ictal SPECT perfusion studies and overlying the subtraction results on structural imaging, particularly MRI, is the most accurate functional imaging technique for localizing the seizure onset zone in patient with epilepsy (51, 52). A rare form of seizure is Ictal pain. While epileptic pain is usually associated with other seizure symptoms, sometimes pain is the only symptom of epilepsy. It can be unilateral or bilateral, pain location varies, most commonly in the head and neck or abdomen (53).

The unique characteristic of SPECT tracers makes it feasible to study regional perfusion changes in other episodic pain syndromes such as migraine during the attack (ictal) and between the attacks (interictal). Similar to epilepsy ictal SPECT studies, ictal migraine study setup is challenging and requires patient hospitalization and exposure to potential migraine triggers with a trained nurse available by the patient's side ready to inject the radiotracer as soon as the patient starts to experience the migraine aura. The longer shelf life of the ECD compound compared to HMPAO is very helpful in these situations as the waiting time is unpredictable. Significantly reduced rCBF at the thalamus on SPECT has been reported in two patients with ophthalmoplegic migraine (54) and in a child with hemiplegic migraine (55). It is not clear, however, if the changes in regional blood flow associated at the ictal phase of migraine is related to the primary etiology or is a secondary phenomenon (56).



Response to Therapy

Brain perfusion SPECT has been used to study not only brain activation with pain, but also modulation of this activity under pharmacologic and non-pharmacologic analgesic interventions. In addition to the previously discussed studies demonstrating blood flow changes in response to therapy in FM patients, Trucco et al. (57) demonstrated reversal of perfusion abnormality on brain perfusion SPECT in migraine patients under pharmacologic therapy. Newberg et al. (58) reported asymmetric thalamic blood flow in acute postoperative dental pain, this perfusion abnormality improved in patients receiving successful analgesic treatment (Figure 1). A study of brain perfusion SPECT in the setting of severe clinical pain during burn wound cleaning/debridement demonstrated intense activation of the cerebellum, this activation was reversed in the same patients when using immersive virtual reality analgesia in a different session (59).


[image: Figure 1]
FIGURE 1. Brain perfusion SPECT of dental pain patients receiving analgesia (top row) vs. placebo (bottom row). (A) Asymmetric thalamic activity, more on the right (thin arrow). Post IV ketorolac, the post-interventional scan (B) of the same patient exhibits a slight “switch” in thalamic asymmetry, with mildly greater perfusion on the left (thin arrow). Noted also decreased perfusion in the anterior cingulate region with pain relief [thick arrows in (A) and (B)]. (C) Scan from another patient demonstrating mild asymmetric increased activity in the left thalamus (thin arrow). (D) Same patient with worsening pain after receiving IV placebo, the scan demonstrates more asymmetrically increased perfusion in the left thalamus (thin arrow). Not also increased perfusion in the anterior cingulate cortex compared to (C) (thick arrows). [Images by Newberg et al. (58), reproduced here with permission].


A study evaluating the effect of analgesic acupuncture on regional blood flow demonstrated a significant asymmetric uptake in the thalami in pain patients compared to controls. This abnormal thalamic flow was normalized in the post acupuncture therapy scan (60).

Fukui et al. (61) demonstrated normalization of the thalamic hypoperfusion in complex regional pain syndrome patients after ECT. Changes in rCBF have also been reported following deep brain stimulation for chronic pain (62). Tamura et al. studied seven normal subjects and reported a significant correlation between improved subjective pain and rCBF changes measured by SPECT after repetitive transcranial magnetic stimulation on acute pain induced by capsaicin (63).



Limitations

The brain perfusion SPECT technique has its limitations: the technique utilizes ionizing radiation, mainly from the injected radiotracer and additionally from the optional low dose CT sometimes used for rough localization and attenuation correction. Software fusion of SPECT and MRI images instead provides significantly better anatomical details and avoids the radiation penalty associated with CT. Multiple conditions typically cannot be evaluated during the same session. The ability to repeat the study to investigate multiple variables or time evolution of one variable is also limited due to the irradiation dose, cost, and the complexity of the SPECT procedure. The technique is more complex compared to fMRI as additional steps related to the handling and injection of the radiopharmaceuticals are involved. While temporal characteristics are unique in one aspect, it is still limited, because it is basically a summed 1–2 min of brain activation with less temporal resolution than fMRI. The control study is typically performed on a separate day. Data processing and image display are not standardized. There are also problems related to differences in interpretation of results according to the experience of the radiologist so reproducibility and interobserver agreement is not high (64–67).

In summary, despite these limitations, one of the great advantages of SPECT is that unlike most neuroimaging modalities, with the SPECT technique, the patient does not need to be in the scanner at the time of brain activation. SPECT freezes a snapshot of brain activity at the time of injection that is kept and can be imaged later (after wound care is completed). The SPECT technique allows researchers to measure brain activity in much wider range of clinical settings, increasing the ecological validity of clinical pain research and potentially increasing our understanding of pain-related brain activity during painful medical procedures, and during painful spikes in chronic pain. Additional research and development of brain perfusion SPECT technique is recommended.
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Objective: Clinical and radiological findings on neurosyphilis are fairly non-specific and there is a paucity of functional neuroimaging studies on neurosyphilis other than case reports and case series. The purpose of this study was to investigate brain perfusion abnormalities in patients with neurosyphilis.

Methods: Four HIV-negative neurosyphilis patients and 4 healthy controls underwent clinical evaluation, brain technetium-99m ethyl cysteinate dimer (99mTc-ECD) single-photon emission computed tomography (SPECT) imaging, and neuropsychological assessments which included the Mini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR), Clinical Dementia Rating—Sum of Boxes (CDR-SOB), and Global Deterioration Scale (GDS). Voxel-wise differences in regional cerebral blood flow were compared between the two groups.

Results: Neuropsychological test results indicated cognitive impairment in all patients. SPECT analysis revealed multifocal hypoperfusion predominantly in the frontal, insular, and posterior cingulate regions in neurosyphilis patients compared with healthy controls (family-wise error corrected p < 0.05).

Conclusions: Together with previous findings, our results suggest that the hypoperfusion in the frontal, insular, and posterior cingulate regions may reflect cognitive impairments observed in neurosyphilis patients. Further studies with larger samples are needed to confirm our findings.

Keywords: neurosyphilis, single-photon emission computed tomography, regional cerebral blood flow, cognitive function, neuroimaging


INTRODUCTION

Neurosyphilis is an infection of the central nervous system by Treponema pallidum (1). Neurosyphilis has been reported to develop in up to 5–10% of patients with untreated syphilis and can occur at any stage of syphilis, which is divided into primary, secondary, latent, and tertiary syphilis (1, 2). The incidence of syphilis has varied over time with a marked decrease after the introduction of penicillin and a surge in the era of HIV/AIDS pandemic followed by another decline due to engaging in safe sexual practices. However, the rates of syphilis began to increase again since 2000 (3). Despite the relative success in controlling syphilis in the post-penicillin era, syphilis remains an important public health issue with an estimated annual global incidence of 12 million (4).

Neurosyphilis is classified into early forms of neurosyphilis which includes asymptomatic neurosyphilis, syphilitic meningitis, and syphilitic meningovasculitis and late forms of neurosyphilis which includes general paresis and tabes dorsalis (5). Early forms of neurosyphilis primarily affects the meninges, cerebrospinal fluid (CSF), and vasculature, and late forms of neurosyphilis affects the brain and spinal cord parenchyma. The clinical manifestations of symptomatic neurosyphilis are diverse and usually non-specific including meningitis, stroke, seizures, headache, hearing loss, vision loss, personality changes, cognitive decline, dementia, or sensory and gait abnormalities (5, 6). The diagnosis of symptomatic neurosyphilis is based on the serological testing, CSF examination, and clinical findings (5). However, diagnosis of neurosyphilis is often difficult because many patients present either non-specific symptoms or are asymptomatic.

Identifying radiological features of neurosyphilis may be useful in aiding the diagnosis and distinguishing the disease from other conditions. Previous neuroimaging studies have reported generalized cerebral atrophy, non-specific white matter lesions, meningeal and CSF enhancement, and signal changes in the frontotemporal lobes as well as some normal findings in neurosyphilis patients (7–9). However, apart from case reports and case series, no prospective studies have been published investigating the cerebral perfusion in neurosyphilis patients. The purpose of this study was to investigate the differences in regional cerebral blood flow (rCBF) between neurosyphilis patients and healthy controls using single-photon emission computed tomography (SPECT).



METHODS


Participants

Neurosyphilis patients and healthy controls were recruited at the Incheon St. Mary's Hospital (Incheon, South Korea). The diagnosis of neurosyphilis is based on a CSF WBC count of 5 cells/microL or more, CSF protein 45 mg/dl or more and a reactive CSF VDRL. All patients in this study showed a reactive serum FTA-ABS and cognitive impairment including neuropsychiatric symptoms. All patients were HIV-negative. This study excluded patients with following past history: head trauma, existing dementia diagnosis, stroke, brain tumor, epilepsy, sexually transmitted diseases except for syphilis, and other neurological or psychiatric disorders. Healthy controls were age- and sex-matched volunteers who met the same exclusion criteria and inclusion criteria, except for the presence of neurosyphilis. The study was approved by the Institutional Review Board of the Incheon St. Mary's Hospital, and all participants provided written consent form.



Clinical Assessment

Screening tests included a medical history interview, physical and neurological examinations by a neurologist, routine blood biochemistry and blood count, 12-lead electrocardiogram, chest x-ray, and CSF study including counts of WBC and RBC, protein, glucose, and CSF VDRL. We performed brain magnetic resonance imaging, SPECT scans, and neuropsychological tests before medical treatment. Neuropsychological assessments consisted of the Mini-Mental State Examination (MMSE) (10), Clinical Dementia Rating (CDR) (11), Clinical Dementia Rating—Sum of Boxes (CDR-SOB) (11), and Global Deterioration Scale (GDS) (12).



Brain SPECT Imaging

Brain SPECT scans were performed using a dual-headed gamma camera (Discovery NM630; GE Healthcare, Milwaukee, WI, USA) equipped with a low-energy fan-beam collimator. Patients were injected with 555–740 MBq of technetium-99m ethyl cysteinate dimer (99mTc-ECD) and rested for ~40 min prior to scanning. Images were taken by rotating the camera a total of 720° at 6-degree intervals at a rate of 12 s per frame (average counts = 1.50 kcts/s). Images were corrected for attenuation using a standard commercial correction routine provided by the scanner vendor and reconstructed into a 128 × 128 matrix with a pixel size of 1.95 × 1.95 × 2.08 mm and a 20% symmetric energy window at 140 keV using the ordered-subset expectation maximization (OSEM) algorithm (6 iterations and 10 subsets) and a Butterworth filter (cut-off frequency of 0.5 cycles/pixel and power of 10.0) to reduce noise.

All SPECT images were pre-processed and analyzed using Statistical Parametric Mapping 12 (SPM; Wellcome Center for Human Neuroimaging, London, UK) implemented in MATLAB R2017b (MathWorks, Natick, MA, USA). The images were spatially normalized to the standard SPECT template provided by SPM. After spatial normalization, the count of each voxel was standardized to the mean voxel count of the whole brain using proportional scaling. The normalized images were then smoothed using a 16-mm full-width half-maximum Gaussian kernel.

A two-sample t-test was performed to compare the rCBF between the groups. The voxel-wise significance threshold was set at p < 0.001 with a cluster-level family-wise error (FWE) correction at p < 0.05.

To assess individual patterns of abnormalities in rCBF, separate two-sample t-tests were conducted to compare each patient with the control group. The voxel-level threshold of p < 0.005 with cluster-level FWE corrected p < 0.05 was applied for the individual analysis.



Statistical Analysis

Mann-Whitney U test was used to compare age between the groups. The significance level was set at p < 0.05 (two-tailed). All statistical analyses were performed using Stata/MP 16.0 (Stata Corp., College Station, TX, USA).




RESULTS


Demographic and Clinical Characteristics

Four patients with neurosyphilis and four healthy controls were enrolled in the study. Demographic and clinical characteristics are summarized in Table 1. All participants were male, and age did not significantly differ between the neurosyphilis (mean ± standard deviation = 46.3 ± 7.6) and control groups (46.3 ± 6.3, p = 0.77). Scores of MMSE, CDR, CDR-SOB, GDS indicated cognitive impairment in patients with neurosyphilis.


Table 1. Demographic and clinical characteristics of the participants.
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Brain SPECT Imaging Results

As compared with controls, neurosyphilis patients showed reduced rCBF in six clusters including the (1) right inferior/middle frontal gyrus and anterior insula (z = 4.89, p < 0.001), (2) right medial frontal cortex and middle cingulate gyrus (z = 4.65, p < 0.001), (3) right central operculum and posterior insula (z = 4.09, p < 0.001), (4) right posterior cingulate gyrus (z = 4.08, p < 0.001), (5) left anterior insula and superior temporal gyrus (z = 3.87, p < 0.001), and (6) left inferior/middle frontal gyrus (z = 3.74, p < 0.001) (Table 2 and Figure 1). No significant clusters of increased rCBF were detected.


Table 2. Differences in regional cerebral blood flow between patients with neurosyphilis and healthy controls.
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FIGURE 1. Differences in regional cerebral blood flow between patients with neurosyphilis and healthy controls. At each voxel, decreases in brain perfusion in neurosyphilis patients compared with healthy controls appear in blue. The height threshold is p < 0.001 with a cluster-level family-wise error correction at p < 0.05. Images are shown in radiological convention.


For each patient, the SPECT images and the results of individual analysis are demonstrated in Supplementary Figures 1–4. Despite some differences of rCBF patterns among patients, frontal and insular hypoperfusion was observed in all patients.




DISCUSSION

In the current study, HIV-negative neurosyphilis patients showed multifocal hypoperfusion predominantly in the frontal, insular, and posterior cingulate regions compared to healthy controls. Although diffuse hypoperfusion has been found in various central nervous system infections and neurotoxicity such as HIV and alcohol-related dementia (13, 14), the regional pattern of our findings may be associated with cognitive decline found in patients with neurosyphilis.

Our results are in agreement with previous SPECT findings of decreased rCBF in the frontal regions in patients with general paresis (15–18), which is the most common form of neurosyphilis presenting with cognitive impairment and psychiatric symptoms (19). These cases also reported decreased rCBF in the temporal regions (15–18), which was less prominent in our study. In contrast, there are single-case reports that showed increased rCBF in the temporal lobe (20) and frontal and temporo-occipital regions (21). Moreover, in a SPECT study which included 32 patients with early syphilis, a general and patchy hypoperfusion was found in the frontal, temporal, parietal, occipital lobes as well as the basal ganglia, cerebellum, and nerve nucleus (22).

These inconsistencies may be partially attributed to differences in disease stage at diagnosis as hyperperfusion may reflect inflammatory changes in the early phase and hypoperfusion may reflect neural death and decreased metabolism in the late phase (21). Besides that, the uncontrolled nature of case reports and bias from visual inspection might have contributed to the discrepancies as well. In spite of these differences, previous reports consistently showed improved rCBF after successful treatment, suggesting that SPECT may be a useful method in detecting subtle changes in neurosyphilis patients receiving antisyphilitic treatment (15–17, 20, 21).

In the present study, the neurosyphilis patients demonstrated hypoperfusion in multiple frontal regions, particularly in the medial frontal regions. Numerous studies have been published on the role of the medial frontal cortex in a wide range of high-level cognition and its involvement in neurological and psychiatric disorders (23). The medial frontal cortex has been implicated in performance monitoring, motivation, decision making, and social cognition (24–27). Moreover, it has been proposed that the medial frontal cortex is part of a dual hierarchical system for the prefrontal executive function that extends from the posterior to anterior regions in the medial frontal cortex and lateral frontal cortex (26).

We also found hypoperfusion in the insula and posterior cingulate gyrus. In addition to its well-established role in processing interoceptive information, growing evidence suggests that the insula is also involved in cognitive and emotional processing (28). The insula has bidirectional connections with the critical brain areas for cognition such as the orbitofrontal cortex and anterior cingulate cortex, and impairment in the insula has been linked with cognitive impairment across all neuropsychological domains (28). Abnormalities in the posterior cingulate cortex are often associated with impairments in cognitive functions including memory and attention (29). Notably, atrophy and reduced metabolism in the posterior cingulate cortex are seen in Alzheimer's disease (29).



CONCLUSION

In conclusion, the present study found the perfusion abnormalities in the frontal, insular, and posterior cingulate regions among HIV-negative neurosyphilis patients. These results, together with previous findings, suggest that the hypoperfusion in these areas may reflect cognitive impairments observed in neurosyphilis patients. Further studies with larger samples are needed to confirm our findings. In addition, multi-modal neuroimaging studies may be useful to evaluate potential associations between structural and functional deficits in these patients.
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Background: The diagnosis of attention deficit hyperactivity disorder (ADHD) relies on history and observation, as no reliable biomarkers have been identified. In this study, we compared a large single diagnosis group of patients with ADHD (combined, inattentive, and hyperactive) to healthy controls using brain perfusion single-photon emission computed tomography (SPECT) imaging to determine specific brain regions which could serve as potential biomarkers to reliably distinguish ADHD.

Methods: In a retrospective analysis, subjects (n = 1,135) were obtained from a large multisite psychiatric database, where resting state (baseline) and on-task SPECT scans were obtained. Only baseline scans were analyzed in the present study. Subjects were separated into two groups – Group 1 (n = 1,006) was composed of patients who only met criteria for ADHD with no comorbid diagnoses, while a control group (n = 129) composed of individuals who did not meet criteria for any psychiatric diagnosis, brain injury, or substance use served as a non-matched control. SPECT regions of interests (ROIs) and visual readings were analyzed using binary logistic regression. Predicted probabilities from this analysis were inputted into a Receiver Operating Characteristic analysis to identify sensitivity, specificity, and accuracy.

Results: The baseline ROIs and visual readings show significant separations from healthy controls. Sensitivity of the visual reads was 100% while specificity was >97%. The sensitivity and specificity of the post-hoc ROI analysis were both 100%. Decreased perfusion was primarily seen in the orbitofrontal cortices, anterior cingulate gyri, areas of the prefrontal cortices, basal ganglia, and temporal lobes. In addition, ROI analysis revealed some unexpected areas with predictive value in distinguishing ADHD, such as cerebellar subregions and portions of the temporal lobes.

Conclusions: Brain perfusion SPECT distinguishes adult ADHD patients without comorbidities from healthy controls. Areas which were highly significantly different from control and thus may serve as biomarkers in baseline SPECT scans included: medial anterior prefrontal cortex, left anterior temporal lobe, and right insular cortex. Future studies of these potential biomarkers in ADHD patients with comorbidities are warranted.

Keywords: brain SPECT, ADHD, comorbidity, single photon emission computed tomography, inattention


INTRODUCTION

Attention deficit hyperactivity disorder (ADHD) is one the most costly psychiatric disorders, conservatively estimated to be around 42.5 billion USD annually (1). ADHD is also one of the most prevalent disorders in the USA with ~5.29–10% of school-aged children estimated to suffer from the disorder (1). Despite these enormous costs and the issues of administering stimulant medication to children, there remains no empirically validated means by which ADHD can be diagnosed. Objective markers of ADHD would not only improve reliability of the diagnosis but might also allow for precision medicine treatments (2). Problems associated with the use of subjective criteria for diagnosing ADHD are extensive (3). Subjective diagnostic criteria and related diagnostic processes are highly vulnerable to variability by different clinics and by different clinicians within the same clinic (4, 5). Moreover, even when clinicians strictly adhere to the DSM method for diagnosing ADHD, there is also significant variation in the rates of ADHD secondary to the DSM versions utilized by a clinician (6). The problem does not become easier with adult ADHD patients with whom confounds of coping strategies, substance use, and comorbidities cloud the diagnostic picture (7).

Furthermore, the cardinal symptom of ADHD—inattention—is a non-specific symptom. Inattention is found not only in ADHD, mania, anxiety, and depression, but it is also found in traumatic brain injury, carbon monoxide poisoning, cadmium toxicity, lead toxicity, schizophrenia, post-traumatic stress disorder (PTSD), post-coronary bypass syndrome, multiple sclerosis, substance abuse, space-occupying lesions, CNS infections, dementia, and a litany of other conditions which alter frontal lobe functioning. Distinguishing among these alternatives by interview alone is challenging, because, for instance, there is no specific question that will reveal lead toxicity or cadmium toxicity. Similarly, an interview may or may not uncover a history of brain injury, depending on the degree of anterograde amnesia or how the patient has trivialized the impact of a concussive event. The authors have seen numerous cases of drowning, toxicity, post-pediatric surgery, hypomania, and irritable depression which were misdiagnosed clinically as ADHD. An additional challenge in diagnosing ADHD, regardless of age, is that comorbidity is the rule, rather than the exception in ADHD.



DIAGNOSTIC EVALUATION OF ADHD

The base level of precision in the diagnostic evaluation of ADHD is the use of rating scales. Measures such as the Vanderbilt Rating Scale (6), and the Conners Parent Rating Scales (8) are quantifiable, but lack diagnostic precision. Scales are dependent upon the subjective opinion of parents and/or teachers. Symptom overlap of scale items across multiple DSM diagnoses is the rule rather than the exception (9, 10).

A higher level of accuracy can be derived by the use of computerized tests of attention. While there is perception that continuous performance tests are the “objective standard” for ADHD diagnosis, the research demonstrates a distinct gap between the computerized diagnosis and the clinical presentation. For example, correlation between the Conners Continuous Performance Test (CPT) results and results of parent or teacher symptom rating scales is low to moderate (11, 12). The Test of Variables of Attention (TOVA) has a sensitivity of ~85% and a false positive rate of 30% (11, 13). In contrast, the CPT has a high false negative rate (14). Combining the continuous performance test with an infrared motion sensor (McLean Motion Attention Test or Quotient ADHD System) has been FDA-cleared as a diagnostic tool for ADHD. Using this system, Teicher et al. found that boys with ADHD moved their heads 2.3 times more often than boys without ADHD (15). However, this system is less effective in the diagnosis of inattentive-type ADHD and of adult ADHD.



BIOMARKERS FOR ADHD

The Food and Drug Administration's (FDA) Biomarkers, EndpointS and other Tools (BEST) glossary defines a biomarker as: “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” (16). Note that the BEST definition does not limit the nature of the characteristic to a molecule. Any characteristic can serve as an indicator of pathology or response to therapeutic intervention. A significant need remains for identifying biomarkers for psychiatric conditions, including ADHD, to provide more accurate diagnosis and to foster efforts to develop more effective treatments. While there is widespread agreement that fronto-striatal-thalamic pathways are altered in ADHD (17, 18), it has been difficult to identify a reliable neuroimaging biomarker, regardless of the neuroimaging technique.


Quantitative EEG

Quantitative electroencephalogram (qEEG) has been FDA-approved as a diagnostic tool for ADHD and purported to serve as a biomarker. However, the marker of elevated theta/beta wave ratio is not reliably diagnostic. The pivotal study on the ratio reported a 20% false negative rate (19). Moreover, Arns et al. analyzed the collective data of more than 1,750 children and concluded that the elevated theta/beta ratio was not a reliable diagnostic measure for ADHD (20). Elevated theta/beta ratio has not proven to be the endophenotype or biomarker that was initially hoped.



Anatomical MRI

Anatomical magnetic resonance imaging (MRI) studies have found a small number of consistent findings across the age-range of ADHD (21). Multiple meta-analyses of case-control studies have shown reduced volume of the striatum in children with ADHD (22–25); however, the reduced striatal volume in ADHD appears to correct itself with age (24, 26). Notably, reduced striatal volume is also found in children with autism spectrum disorders (27). The ENIGMA-ADHD project examined the volumes of subcortical structures in a large sample of 1,713 cases of ADHD compared to 1,529 controls (28). In children, slight, but significant, decreases in volume were found in the caudate, putamen, and amygdala, as well as the hippocampus and nucleus accumbens. However, these differences were not found in the adult subjects, confirming the results of some meta-analyses (24, 26). Similarly, the ENIGMA-ADHD analysis of cortical thickness found smaller surface areas in the frontal, cingulate, and temporal cortices in children, but not in adults (29). Further analysis of the ENIGMA data including 2,271 cases of ADHD and 5,827 controls found cortical thickness was smaller in orbital frontal, inferior frontal and cingulate cortices across all age ranges, including adults.

One limitation of this anatomical MRI research is that a majority of the studies do not control for comorbidities or medication use. Also, the relative paucity of longitudinal studies precludes determining if the brain volume changes represent a persisting difference or a delay in maturation. An additional limitation of this work is the high degree of variability within groups for any given metric (27). Lastly, while the ENIGMA-ADHD database represents an impressive feat of cross-site coordination and data collection, the ADHD population captured therein is incompletely characterized. For example, comorbidities are known in only 58% of the population and stimulant use is documented for only about half of all cases (27).



Functional MRI

ADHD has been the subject of intense study using functional MRI over the past 24 years, yet the results have been highly divergent (30–32). Multiple meta-analyses have yielded mixed results. To quote the authors of a recent meta-analysis of 96 studies with over 1,914 subjects which found no statistically significant functional abnormalities in ADHD:

“The overall findings indicate a lack of regional convergence in children/adolescents with ADHD, which might be due to heterogenous clinical populations, various experimental design, preprocessing, (or) statistical procedures in individual publications.” (32)

Despite the harsh criticism of the heterogeneity in the field, these authors did find a marginally significant decrease in left inferior frontal cortex activity in male children only (32). Others have found similar task-dependent inferior frontal cortex deficits, although it varies whether the right or left side is more involved (32–36). For example, Pliszka et al. found that adolescents with ADHD (N = 17; age 13.4 ± 1.9 yrs) failed to show increased perfusion in the anterior cingulate bilaterally and in the left orbitofrontal prefrontal cortex during an inhibitory task (Stop Signal Task) compared to 15 age-matched controls (age 13.2 ± 1.9). These authors further analyzed the ADHD subjects by comparing children who were medication-naïve and those who were not. These two subgroups did not differ in performance or functional neuroimaging findings (37). Smith et al. described similar findings in a small group of 19 medication-naïve patients (age 12.9 ± 1.9 yrs) compared to 27 healthy controls (age 14.1 ± 2.0 yrs). They found decreased perfusion in the left rostral mesial frontal cortex during one interference-type concentration task and decreased perfusion in the bilateral inferior prefrontal (right more significant than left) and temporal lobes during a switch task (34).

Efforts to explore networks either via the default mode network (DMN) or using selected kernels to identify networks of activation, have suggested that ADHD is not a disorder of isolated brain regions, but more of a connectivity disorder (38). Nevertheless, in a recent meta-analysis involving 30 studies with 1,094 subjects with ADHD and 884 Controls, no significant functional networks or areas were found to distinguish ADHD from Controls (38).

In addition, multiple areas of the cerebral cortex, including parietal and temporal regions, as well as the cerebellum, have shown decreased activity during concentration tasks in subjects with ADHD (17). Thus, in addition to the technical discrepancies in fMRI studies, the effects of age, medication use, comorbidities, and recruitment or suppression of activity in multiple areas of the brain have hampered the ability of fMRI to reveal a consistent biomarker.



Machine Learning – Multimodal Imaging

Machine learning or artificial intelligence (AI) techniques have been applied to neuroimaging in an effort to detect patterns and findings not evident from simple statistical analysis. Numerous AI techniques, such as support vector machine, multiple kernel learning, deep belief network, convolutional neural network and others have been applied to fMRI and anatomical MRI data (39). For example, a group of 36 adults with ADHD and 36 controls underwent anatomical MRI, fMRI using a cued attention task, and diffusion tensor imaging. Twenty features were chosen from this multimodal dataset and processed in a meta-algorithm referred to as “ensemble learning techniques” (ELT). A series of training and validation algorithms followed by multiple ELT-based models yielded a number of parameters with favorable sensitivity and specificity (18). Notably, decreased activity of the right inferior frontal gyrus stood out as a strong predictor of ADHD status. The limitation of the AI work to date has been the relatively small sample sizes, the lack of consistent findings across studies (18, 39, 40) and the need for multiple time-consuming scans.



Functional SPECT

Functional neuroimaging studies of ADHD utilizing single-photon emission computed tomography (SPECT) in children and adults have included baseline studies, cognitive challenge studies, and medication effect studies. The controlled clinical trials have been small with a range of 6–54 subjects (reviewed in Discussion). Our earliest study in this area included 54 children who met DSM-III-R criteria for ADHD compared to a clinical group of 18 children who did not meet those criteria (41). Visual, semi-quantitative reads revealed areas of increased perfusion in dorsal frontal cortices, while areas of decreased perfusion were noted in the orbitofrontal/inferior prefrontal cortices in baseline SPECT scans. SPECT scans during intellectual challenge also revealed decreased inferior prefrontal cortical perfusion (41). A smaller study by our group in 27 older adults (>50 years) who met DSM-IV criteria for ADHD, but not for major depression, revealed a similar decrease of perfusion in the orbitofrontal cortices at baseline (42). Recently, a larger, open retrospective case series of 170 patients ranging in age from adolescent to adult utilized visual reads of SPECT scans found that visual read to assess ADHD using 3D renderings yielded 83% sensitivity and 77% specificity in the diagnosis of ADHD based predominately on the finding of decreased orbitofrontal perfusion (43).

Findings across multiple studies are consistent but are they reliable and can they be used on an individual basis to predict the diagnosis of ADHD? This question is central to the ability to use a SPECT neuroimaging finding as a biomarker. Herein, we describe the first step in an analysis of a community dataset totaling over 100,000 patients. We describe the analysis of adults with ADHD free of comorbidity compared to a control group who lack any psychiatric or neurological diagnoses. Future steps will include comparisons of comorbid ADHD across age groups and predictive modeling utilizing machine learning algorithms involving iterative comparisons of data subsets to assess the predictive value of specific biomarker candidates.




MATERIALS AND METHODS


Study Subjects

This study adhered to the STAR-D guidelines (44) (see Supplementary Material for table). This retrospective review was approved by an accredited institutional review board, IntegReview (http://www.integreview.com/). In this retrospective analysis, all study subjects were patients at Amen Clinics, Incorporated (ACI), a multidisciplinary group of psychiatric clinics that incorporates SPECT neuroimaging into diagnostic assessment and treatment (45). Methods of clinical assessment, gamma camera equipment, scan analysis software, and interpretation protocols are unified throughout the group of clinics. All subjects were drawn from the following ACI branches: Newport Beach, CA; Brisbane, CA; Fairfield, CA; Tacoma, WA; Bellevue, WA; Reston, VA; New York, NY; Atlanta, GA. Group 1 included patients seen from April 1996 to November 2013. Informed consent was obtained at the time of patient evaluation from all patients or legal guardians to allow their anonymous clinical data to be utilized for future research purposes. We identified from this clinical cohort, Group 1 (n = 1,006) which included persons that met the DSM-IV criteria for ADHD (46) and no other diagnoses (Table 1). The diagnosis of ADHD (inattentive, impulsive-hyperactive, combined) was determined by DSM-IV guided clinical interview, internal DSM-IV-guided symptom checklists, and a Conners Continuous Performance Test (47). The ADHD-only group was compared to a Control group who did not meet criteria for any psychiatric condition and had no history of traumatic or toxic brain injury (n = 129). 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-IV. The Control group recruitment and scanning study protocol was approved by Western IRB (WIRB # 20021714). All subjects were fully informed and gave their written consent.


Table 1. Demographic characteristics of Group 1.

[image: Table 1]



SPECT Neuroimaging

Brain SPECT was applied as previously described in published work using standard methods (48). To review, all patients were instructed to refrain from the use of stimulants, caffeine, ephedrine, bupropion, atomoxetine, nicotine, alcohol, illicit drugs, opiates, benzodiazepines, guarana, or steroids for 48 h prior to scanning. Other medications including psychotropic medications were not restricted. For each scan, an age- and weight-appropriate dose of technetium Tc99m-HMPAO (commercially available as Ceretec) was administered intravenously. At all clinic sites, photon emission was captured using a high-resolution Picker (Phillips) Prism 3000 triple-headed gamma camera with fan beam collimator with data collected in 128 × 128 matrices, yielding 120 images per scan with each image separated by three degrees spanning 360 degrees. A low pass filter was applied with a high cutoff. A Chang attenuation correction was performed using linear methods (49).

All images were processed using Odyssey software (Picker), with transaxial slices oriented horizontal to the AC-PC line. Coronal, sagittal, and transaxial slice images (6.6 mm apart, unsmoothed) were then rendered in the Odyssey step-20 scale, a commercial scale included in the Odyssey software package, which scales all voxels to the brain maximum and assigns each a color gradient based on its percentile of activity. Each color step represents a (not necessarily linear) five-percentile-point change in rCBF.

Baseline images were acquired in the following manner, adapted from the Society of Nuclear Medicine and Molecular Imaging Procedure Guideline for Brain Perfusion SPECT (50). Patients sat upright in a quiet, dimly lit room with open eyes, and the bolus was injected after 10 min. Patients sat for an additional 10 min post-injection. While concentration-task scans were obtained for all patients, they are not included in the current analysis and will be subject of future studies.



Clinician Visual Rating of Regions of Interest

Methods for clinical interpretation of SPECT scans by visual read have not changed during the 17 years of patient evaluations from which these data are drawn. These methods have already been fully described in prior peer reviewed work (42). To review, 14 gross general cortical regions of interest (ROIs) in orthogonal planes were visually inspected and rated using the Mai Atlas of the Human Brain (51): the left and right prefrontal poles [medial aspect of Brodmann area (BA) 10, anterior rostral aspect of BA 12]; the left and right inferior orbitofrontal (BA 11); the left and right anterior/lateral PFC (comprised of BAs 45, 46, 47, the anterior aspect of area 9, the lateral aspect of area 10); the left and right midlateral PFC (BAs 8 and 44, and the posterior aspect of area 9); the left and right posterior frontal region (BAs 4, 6, and the anterior aspect of area 43); the left and right parietal lobes (BAs 1, 2, 3, 5, 7, 39, and 40, and the posterior aspect of area 43); and the left and right occipital lobes (BAs 17, 18, and 19). In like manner, we rated both the left and right cerebellum. In addition, seven gross subcortical ROIs were rated: the anterior cingulate gyrus (BAs 25, 32, 33, and the anterior aspect of BA 24); the left and right insula; the left and right thalami; the left and right caudate nuclei; and the left and right putamina. The following non-linear scheme was used to visually rate rCBF: activity rated above the top 95% was assigned a score of +4; 91–95% was scored +3; 86–90% was scored +2; 81–85% was scored +1; 61–80% was scored 0; 56–60% was scored −1; 51–55% was scored −2; 46–50% was scored −3; and 41–45% was scored −4. Because of the non-uniform nature of perfusion within any given ROI, each area was rated for its highest and lowest activity, and the average of the two was taken as a given ROI's final rating, resulting in a rating scale ranging from +4 to −4 in half-point intervals. Raters had minimal clinical information. Interrater reliability was not assessed for these particular groups; however, prior studies have found a kappa of 0.79 or above for all visually-read regions (42).



Post-hoc ROI Analysis

All baseline scans in the two groups were subjected to post-hoc ROI analysis. ROI counts were derived from the anatomical regions in the AAL atlas (52), different, but closely aligned with the regions in the atlas used for visual reads. ROI included in this study were as follows: anterior cingulate, mid-orbital frontal, insula, anterior inferior temporal, middle inferior temporal, posterior inferior temporal, temporal pole, superior parietal, hippocampus, thalamus, caudate, pallidum, cerebellar regions 7b,8,9, cerebellar crus1, and cerebellar vermis. To account for outliers, T-score derived ROI count measurements were derived using trimmed means that are calculated using all scores within the 98% confidence interval (−2.58 < Z < −2.58). The ROI mean for each subject and the trimmed mean for the sample are used to calculate with the following formula:

[image: image]
 

Statistical Analyses

All analyses were performed using Statistical Package for Social Science (SPSS) (53). In Group 1, a receiver operating characteristic (ROC) curve analysis was done using DSM-IV diagnosis for ADHD as ground truth. The first step of this analysis was constructing logistic regression models with age, gender, and race as co-variates. Separate models were constructed with the following independent variables: (i) Baseline visual reads, and (ii) T-score ROI counts from baseline scans. From each of these logistic regression models, odds ratios and predicted probabilities were computed and then inputted into an ROC analysis to determine area under the curve, or accuracy of the given methods used. For ROI data, one way ANOVA with Least Square Differences (LSD) for correcting for multiple comparisons was done to assess group differences. Automated linear regression was used for feature selection. Correction for multiple comparisons were performed in each logistic regression model.




RESULTS

The total sample of 1,135 subjects were separated into two groups. Group 1 consisted of patients who met the DSM-IV criteria for ADHD, and it contained 1,006 subjects (see Table 1). The mean age was 37.7 ± 15.5, making it somewhat younger than the control group (n = 129) with a mean age of 45.4 ± 16.9 (p ≤ 0.001). Group 1 was 34% female and 31% non-Caucasian, while the control group was 44% female and 33% non-Caucasian (p < 0.001 in age group and non-significant for non-Caucasian). Group 1 did not meet criteria for any other psychiatric disorder, substance abuse, or brain injury based on a detailed clinical history, the Minnesota Multiphasic Personality Inventory (MMPI) and the Structured Clinical Interview for Diagnosis (SCID) for DSM-IV.

The results of the logistic regression models with age, gender, and race as co-variates, computation of odds ratios and predicted probabilities with correction for multiple comparisons were input for a ROC analysis which yielded area under the curve (AUC) calculations. The AUC for Visually Read ROI's of the Baseline scan was 97.6%. The AUC for the post-hoc ROI analysis of the Baseline scan was 100%. Sensitivity of the visual reads was 100% while specificity was >97%. The sensitivity and specificity of the post-hoc ROI analysis were both 100%. Figure 1 is a typical baseline tomogram presentation of the SPECT scan data from a control case. Figure 2 is a typical baseline tomogram of the SPECT scan data from a patient in Group 1 illustrating hypoperfusion by visual interpretation in the medial anterior prefrontal (orbitofrontal) cortex, bilateral temporal lobes, and the anterior cingulate gyri. These findings proved strongly predictive of the diagnosis of ADHD, as illustrated in Table 2. Areas identified by visual read as having highly significant Odds Ratio (p < 0.001) for discriminating ADHD from control included: medial anterior prefrontal cortex, left anterior temporal lobe, and right insular cortex. Areas with moderately significant Odds Ratio (p < 0.03) included: right lateral middle temporal lobe, right medial temporal lobe, dorsal anterior cingulate gyrus, the genu of the anterior cingulate gyrus, and the left parietal cortex (see Table 2).


[image: Figure 1]
FIGURE 1. A typical example of a control case. Selected tomograms in horizontal (A), sagittal (B), and coronal (C) orientation are provided. The color scale for the tomograms is provided. All voxels are scaled to the brain maximum and assigned each a color gradient based on its percentile of activity. Each color step represents a (not necessarily linear) five-percentile-point change in rCBF. (D) A 3-D representation of the scan data is shown. The surface is set at 60% of brain maximum. Areas which fall below 55% are represented as indentations or holes depending on how far below 55% the activity falls. (E) A wireframe brain representation is shown, wherein the areas of brain with activity at 85% of maximum or greater are shown in red and areas of 92% or greater are shown in white.



[image: Figure 2]
FIGURE 2. A typical example of a case of ADHD without comorbidity. Selected tomograms in horizontal (A), sagittal (B), and coronal (C) orientation are provided. The color scale is the same as Figure 1 for the tomograms is provided. All voxels are scaled to the brain maximum and assigned each a color gradient based on its percentile of activity. Each color step represents a (not necessarily linear) five-percentile-point change in rCBF. Yellow arrows indicate areas of hypoperfusion in the orbitofrontal cortices. (D) A 3-D representation of the scan data is shown. The surface setting is the same as in Figure 1. Yellow arrows point to the areas of decreased perfusion in the orbitofrontal cortices. (E) A wireframe brain representation is shown with setting the same as in Figure 1.



Table 2. Predictive visually interpreted ROIs from Group 1.

[image: Table 2]

Table 3 shows the post-hoc quantified ROI regions that were most predictive in distinguishing cases of ADHD in Group 1 from controls. In particular, cerebellar subregions were very predictive (p < 0.001), along with the bilateral anterior inferior temporal lobe, bilateral middle temporal pole, and the bilateral inferior occipital lobe. Areas with significant predictive findings (p < 0.03) included: bilateral anterior cingulate gyri, bilateral mid orbital frontal cortices, right superior orbital frontal cortex, bilateral hippocampi, right middle occipital cortex, bilateral thalamus, and bilateral pallidum. Some left/right differences were observed. The left anterior cingulate showed a higher odds ratio than the right, while the right orbital frontal cortical areas had higher odds ratios than the corresponding areas on the left.


Table 3. Group 1 ROI differences between ADHD and normal.
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DISCUSSION

In the adult population, there was high separation between non-comorbid ADHD patients vs. healthy controls using this method. The ROC characteristics were similar for the baseline scan data whether using visual or quantitative analysis. Since the post-hoc ROIs were not used in any way to initially establish the clinical diagnoses, they serve as a particularly rigorous independent predictor of diagnostic category. However, it is emphasized that nuclear medicine physicians and radiologists typically use visual analysis for readings SPECT scans in a clinical setting; thus the high sensitivity and specificity of the identified areas serve as promising steps for the translation of SPECT markers for ADHD more widely into clinical practice.

To guide the relevance of these results as possible ADHD biomarkers we use the term biomarker as defined by the FDA BEST criteria (16) - “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.” A safe and effective biomarker for ADHD could guide diagnosis and treatment. Treating ADHD based solely on clinical indications is not without risk. For example, the differentiation of ADHD from incipient bipolar disorder is challenging. Clinical experience and research data have shown that stimulant medications can precipitate a manic episode, exacerbate mood instability, and/or increase rapid cycling. Some (54) hypothesize that stimulant medication exposure can permanently alter the course of bipolar disorder in some children. In addition, atomoxetine, FDA-approved for the treatment of ADHD, has been clinically found to be a potent mood destabilizer. A large open-label naturalistic case series (55) found that roughly 33% of patients became mood dysregulated on atomoxetine. Symptoms of aggression, hypomania, agitation, and frank mania were reported in patients, some of whom lacked any previous history of mood symptoms. Thus, correctly differentiating ADHD from incipient bipolar disorder and/or possible variants of ADHD who show adverse reactions to stimulants and/or atomoxetine would mitigate serious patient harm.

Prior SPECT neuroimaging studies of ADHD in children and adults have varied in quality considerably, but have consistently pointed in the direction of potential biomarkers. The first baseline investigations by Lou et al. (56, 57) utilized Xenon-133, which provides a single-pass perfusion scan and absolute quantification of perfusion in units of ml/min/100 g of tissue, albeit with limited resolution. In addition, confounds of methodology and diagnostics further limit the validity of these studies. Nevertheless, a later study by the same group with better technology replicated the findings of decreased perfusion of the striatum based on Xenon-133 quantitative perfusion (58). Gustafsson et al. (59) compared baseline SPECT scan data to EEG and neurological examination in a group of 28 children with broadly defined ADHD (based on Conners Parent Rating Scale and Wechsler Intelligence Scale for Children). While this study lacked a control group, it is notable for its correlation of EEG findings, symptoms, soft neurological signs, and functional neuroimaging. The key findings were that patients with ADHD showed decreased frontal lobe perfusion and the degree of symptoms correlated with the degree of hypoperfusion (decreased activity) in the frontal lobes (59). In addition, patients with ADHD had a number of soft neurological signs and physical anomalies. Similarly, Spalletta et al. (60) found a correlation between symptoms of ADHD and frontal lobe perfusion. In a carefully screened group of 8 children (inclusion criteria were medication-naïve, normal MRI scan, no comorbid psychiatric diagnoses, IQ > 80, and ADHD diagnosis based on Stroop Test and neurometric data), baseline scans done under sedation showed decreased perfusion of the left dorsolateral prefrontal cortex and orbital frontal cortex. Relatively increased perfusion in the right prefrontal cortex and relatively decreased perfusion in the left prefrontal cortex were correlated with worse clinical symptomatology (60). Given that the radiopharmaceuticals HMPAO and ECD are distributed and relatively fixed within 2 min of injection and a waiting period of roughly 15–30 min was allowed after tracer injection, sedation during the scan would have no significant effect on the distribution of radiotracer and scan results.

Cognitive challenge tasks highlight the deficits in task-specific function that characterize ADHD. A response inhibition task was administered to 20 children with ADHD and 4 controls (61). The authors concluded that children with ADHD exhibited a right prefrontal cortex dysfunction based on an exaggerated left-to-right asymmetry of perfusion.

Medication response trials using SPECT or fMRI can also point toward areas which may serve as candidate imaging biomarkers. In general, control patients showed equivocal differences in perfusion in the frontal lobes whether they were on- and off-stimulant medications. In contrast, children with ADHD demonstrate decreased perfusion at baseline (which equates to decreased activity) in the frontal cortices and often the temporal lobes and cerebellum (42, 61–66) that increased with stimulant medication (61, 63, 64, 67).

Kim et al. (68) conducted an elegant treatment effect study involving 40 medication-naïve children with ADHD (who were evaluated with ADHD assessment scales, structured clinical interviews, and neuropsychological testing, and had normal MRI or CT scans) and who were compared to 17 controls using statistical parametric analysis before and after treatment with methylphenidate (68). Baseline HMPAO SPECT scans were obtained in 40 children (age 9.7 ± 2.1 years) diagnosed with ADHD. Strict exclusion criteria eliminated subjects with IQ below 90, learning disorders, neurological disorders, or comorbid psychiatric diagnoses of mood, anxiety, or conduct. These baseline scans were then compared statistically to baseline scans of 17 similar strictly screened controls (age 10.5 ± 2.2 years). Then, ADHD subjects were started on methylphenidate at standard doses (0.3–1.0 mg/kg/day). After 4–5 weeks of stimulant treatment, ADHD subjects underwent a second baseline SPECT scan while taking methylphenidate. The second scan was again compared statistically to the control scans and differences between the pre- and post-medication scans were identified. All ADHD subjects showed significant improvement in symptoms based on psychometric testing while taking methylphenidate. Pre-treatment scans of subjects with ADHD showed decreased perfusion of the prefrontal cortex and middle temporal gyri but showed increased perfusion in the somatosensory cortex and anterior cingulate gyri, compared to controls. After treatment with methylphenidate, ADHD subjects showed increased perfusion of the prefrontal cortex relative to their own pre-medication scans. Perfusion in the somatosensory cortex and striatum was reduced (68). 3D SPECT images in ADHD have also been used by Schneider et al. (43, 69) to show orbitofrontal cortex hypoperfusion in patients with ADHD.

Lorberboym et al. (70) examined ADHD with and without comorbid learning or behavioral diagnoses (oppositional defiant disorder, conduct disorder, learning disorder, mood disorder). After psychometric testing and structured clinical interview, a group of 8 children with simple ADHD, a group of 11 children with ADHD comorbid for one or more of the above diagnoses, and a group of 9 age-matched controls underwent SPECT scanning, and the scans were compared. Using a semi-quantitative analysis of selected regions of baseline scans, ~50% of cases showed decreased frontal lobe perfusion, but all of the cases who were comorbid demonstrated decreased temporal lobe perfusion (70). These findings were largely confirmed in a study of 19 children with specific learning disorders compared to 12 children with ADHD (71). Unfortunately, no control group was included in this confirmatory study. Children with learning disorders showed relatively decreased perfusion in the temporal lobes and the right parietal lobe, but also in the bilateral basal ganglia.

Recently, these neuroimaging findings have been replicated using a newer technique of infrared spectroscopy (72). A sample of 150 children with ADHD were compared to 51 controls in a series of concentration tasks. Children with ADHD demonstrated low activation of the medial prefrontal (orbitofrontal) cortex during vigilance and concentration tasks.



COMORBIDITY IS THE RULE, NOT THE EXCEPTION

Unfortunately, comorbidity is the rule, rather than the exception, in cases of ADHD. Therefore, a study of pure ADHD is not sufficient to identify a clinically useful imaging biomarker for ADHD. Children with ADHD frequently have comorbid anxiety, oppositional disorders, or learning disorders (73, 74). For example, learning disorders are highly prevalent among those with ADHD, ranging from 10 to 90% comorbidity (75, 76). The prevalence of anxiety disorders among those with ADHD ranges from 15 to 35% (77, 78). Depressive disorders occur in 12–59% of children with ADHD (79, 80). The prevalence of conduct disorder and oppositional defiant disorder among those with ADHD ranges from 30 to 50% (76, 81). The comprehensive Multimodal Treatment Study of Children with Attention-Deficit/Hyperactivity Disorder (MTA) study similarly found 29 % of children diagnosed with ADHD were comorbid for either conduct disorder or oppositional defiant disorder (78). These comorbidities profoundly alter the clinical picture of ADHD and undoubtedly alter the response to pharmacological interventions. Current diagnostic methods fail to fully assess the presence and impact of comorbidities.

ADHD in adults was largely unrecognized prior to 2002 (82, 83). Comorbidity clouds the diagnosis in adults, as well. An estimated 65–89% of adult patients with ADHD also have anxiety disorders, depressive disorders, bipolar disorder, personality disorders, drug abuse, and alcohol abuse (84). Comorbidity of ADHD and depressive disorders ranges from 18.6 to 53% (85). Anxiety disorders are quite common in adults with ADHD, approaching 50% comorbidity (86). An estimated 20–47% of adults with ADHD are comorbid for bipolar disorder (87, 88). Comorbid substance abuse is estimated at 23.3% based on a systematic review (89). Although not well-studied, at least one analysis of insurance data indicates that ADHD leads to an increased risk of TBI. The risk for receiving any form of TBI was 9.8% for those with ADHD compared to 2.2% for those without ADHD, representing a 4.5-fold increase in risk (90).



NEXT STEPS

Herein, we have analyzed baseline SPECT scans of adult patients with pure ADHD compared to an age-matched control group. Interesting potential candidate neuroimaging biomarkers have been identified. Next, it will be vital to expand these analyses to patients with ADHD comorbid for diagnoses such as anxiety, depression, bipolar disorder, addictions, gender-based differences, and/or brain trauma (among others). Going forward, we will also implement machine learning algorithms to rigorously test the candidate biomarkers utilizing our large-N dataset. These algorithms will be applied to our adolescent datasets to explicitly address the complex diagnostic picture of ADHD symptomatology in the adolescent patient.



CONCLUSIONS

Strengths of this study include the large sample size of non-comorbid ADHD compared to a well-characterized control group, the consistent methods of visual interpretation of rest (or baseline) scans with a well-validated functional imaging modality, and detailed quantitative analysis. The study is further enhanced by a post-hoc ROI analysis which had similar findings. That said, several caveats of the study must be addressed. First, the data are retrospective, and higher levels of evidence can be derived from either prospective studies or randomized clinical trials. However, the large sample size and diverse multi-site study optimizes the generalizability of our results. Second, this dataset does not have associated structural imaging data. Such information would have been useful in characterizing any atrophy associated hypoperfusion. However, the use of functional neuroimaging is essential in characterizing subtle abnormalities that may not be apparent on even quantitative structural neuroimaging. Third, in such a large retrospective database, there are many patients who were on one or more medications for medical and psychiatric indications. While known stimulants and depressants of brain function were withheld prior to scanning, the confounding effects of medical and psychiatric medications cannot be completely eliminated.

Using the method described above we consistently distinguished adult ADHD patients from healthy controls. Given the wide availability of brain SPECT imaging and the need for accurate diagnosis in ADHD, this test, with appropriate reader training, could provide valuable information in clinical practice.
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In the past three decades, brain single-photon-emission-computed-tomography (SPECT) imaging has garnered a significant, evidence-based foundation for a wide array of indications relevant to the field of clinical psychiatry, including dementia, traumatic brain injuries, seizures, cerebrovascular disease, complex neuropsychiatric presentations, and treatment-resistant disorders. In clinical psychiatric practice, however, SPECT remains underutilized. Only a small percentage of psychiatric clinicians use brain imaging technology. In this article, the authors provide a rationale for shifting the paradigm to one that includes broader use of SPECT in the clinical psychiatric setting, primarily for patients with complex conditions. This paper will outline seven specific clinical applications. Adding neuroimaging tools like SPECT to day-to-day clinical practice can help move psychiatry forward by transforming mental health care, which can be stigmatizing and often shunned by the general public, to brain health care, which the authors argue will be more likely to be embraced by a larger group of people in need.
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INTRODUCTION

Despite the early enthusiasm in the late ‘80s and early ‘90s about the use of functional neuroimaging in psychiatric practice, if you were to ask the majority of psychiatrists today why they don't utilize it, their response would most likely be, “there are no adequate large-scale studies demonstrating the validity of this in helping with psychiatric diagnosis and treatment.” Yet there are nearly 15,000 references on www.pubmed.gov about brain single-photon-emission-computed-tomography (SPECT) imaging encompassing a wide variety of neuropsychiatric indications (1). Is there another reason clinicians are not using brain SPECT?

In 1992, Holman and Devous authored an important article titled “Functional Brain SPECT: The Emergence of a Powerful Clinical Method,” which articulated the promise of functional brain imaging: “SPECT techniques provide a powerful window into the function of the brain and promise to become an important component of the routine clinical evaluation of patients with neurological and psychiatric diseases (2).”

In 1992 and 1993, the American Psychiatric Association's (APA) Annual Meeting on SPECT imaging in psychiatry included day-long courses, symposia, and workshops covering the technology. After reading Holman and Devous' seminal paper and attending those APA meetings, author DA began utilizing brain SPECT imaging in clinical practice for a range of neuropsychiatric indications. Subsequently, he has amassed a database of more than 194,000 brain SPECT scans on patients with a vast array of complex neuropsychiatric conditions. Since the publication of Holman and Devous' paper in 1992, a wealth of scientific research has been published that lends support to the use of brain SPECT in psychiatric clinical practice. For example, in a 1996 issue of the Harvard Review of Psychiatry, Vasile wrote, “The clinical utility of SPECT in neuropsychiatry is well established, and research devoted to its use in primary psychiatric disorders has been gaining momentum (3).” In 2001, Camargo asserted that, “Brain SPECT … is rapidly becoming a clinical tool in many places. The importance of this technique in nuclear medicine today should not be overlooked, particularly in cerebrovascular diseases, dementias, epilepsy, head injury, malignant brain tumors, movement disorders, obsessive-compulsive disorder, Gilles de la Tourette's syndrome, schizophrenia, depression, panic disorder, and drug abuse (4).”

Although this evidence-based tool that is relevant to diagnosing and treating a multitude of psychiatric conditions has been available for three decades, only a small segment of psychiatrists worldwide have adopted the use of SPECT in clinical practice. Thus, the field of psychiatry continues to be the sole medical specialty that typically does not look at the organ it treats. In no other field of medicine do physicians make diagnoses or treatment recommendations without biological information. Psychiatry's refusal to widely adopt SPECT and/or other functional brain imaging tools—such as quantitative electroencephalography (qEEG), positron emission tomography (PET), or arterial spin labeling (ASL)—not only compromises its credibility as a branch of medical practice, but it also harms patients who suffer due to diagnoses or treatments that are inaccurate, inadequate, and/or stigmatizing and discouraging.



WHY PSYCHIATRY FAILED TO ADOPT SPECT

One of the primary reasons why psychiatry has failed to adopt SPECT in clinical practice over the past three decades lies in the medical specialty's adherence to categorical diagnostic nomenclature in the Diagnostic and Statistical Manual of Mental Disorders (DSM). When SPECT began generating excitement in the field of psychiatry in the late 1980s and early 1990s, researchers made attempts to match brain patterns seen on SPECT with specific diagnoses found in the DSM. When the scientific investigators failed to pinpoint consistent DSM patterns for mental health conditions, they discarded neuroimaging for clinical practice, claiming it was not yet a useful tool (5, 6). In hindsight, the problem likely did not lie in the neuroimaging tools, including SPECT, PET, and qEEG. These sophisticated brain imaging technologies accurately assess brain function in patients. It is more likely that the problem arose from psychiatry's diagnostic methodology, which presumed that the patterns seen in neuroimaging would correlate directly to the diagnostic categories found in the DSM.

Thomas Insel, the former Director of the National Institutes of Mental Health, said in his 2005 keynote speech to the American Psychiatric Association, “The DSM-IV has 100% reliability and 0% validity…We need to develop biomarkers, including brain imaging, to develop the validity of these disorders…Trial-and-error diagnosis will move to an era where we understand the underlying biology of mental disorders … We are going to have to use neuroimaging to begin to identify the systems pathology … to develop treatments that go after the core pathology, understood by imaging (7).” Unfortunately, psychiatrists have not yet moved beyond looking only at symptom clusters which have failed to demonstrate clear separation of distinct illnesses but have high levels of comorbidity in epidemiological, clinical, and genetic studies (8, 9).

In 2005, Dr. Insel also noted in writing, “…patterns of regional brain activity associated with normal and pathological mental experience can be visualized … and ultimately, biomarkers for mental disorders may not be proteins or neurotransmitters but may emerge from neuroimaging (functional magnetic resonance imaging (fMRI), single photon emission computed tomography (SPECT), etc.). Logically, if these are disorders of brain systems, then the visualization of abnormal patterns of brain activity should detect the pathology of these illnesses (10).”

A psychiatrist trying to identify a singular neuroimaging pattern for major depressive disorder is similar to a cardiologist searching for a sole imaging pattern for angina. Just as there are a wide variety of causes and imaging patterns seen in patients with angina, there are also a multitude of causes and neuroimaging patterns seen in psychiatric conditions, such as major depressive disorder, attention-deficit hyperactivity disorder (ADHD), bipolar disorder, schizophrenia, and autism spectrum disorder (ASD). We can see five individuals with the same DSM diagnosis yet see five very different SPECT scans. Why would we treat them all the same? These individuals should not be expected to respond to similar interventions. We would miss important information by looking only at symptoms. As an adjunct tool, SPECT can inform the direction of treatment more precisely than a one-size-fits-all DSM-V diagnosis can. It has been shown that by utilizing functional brain imaging we can improve treatment decisions and outcomes (11, 12). Yet, the use of neuroimaging is still disregarded by traditional medical specialties.

Consider these two case examples of how mainstream psychiatry fails in an effort to treat complex patients without the use of SPECT neuroimaging:

Mr. C suffered from crippling anxiety, extreme mood swings, recurring panic attacks, negative thinking patterns, anger issues, and difficulty sleeping. These issues negatively impacted his relationships, both at work and in his social life. He was shy and reported always being in a bad mood. In his family, there was a history of addictions and depression. Mr. C first saw a psychiatrist when he was a teenager and was diagnosed with multiple disorders, including bipolar disorder, ADHD, and intermittent explosive disorder (IED).

In the years following his diagnoses, Mr. C tried a variety of medications in an attempt to stabilize his moods. The various prescriptions came with a host of detrimental side effects that exacerbated things and led to an 80-pound weight gain. When coupled with his social anxiety, the added weight pushed him further into isolation. He became unable to work and his family referred him to author DA for a comprehensive evaluation, including SPECT imaging. His SPECT scan (see Figures 1, 2) showed significantly decreased overall cerebral blood flow, most pronounced in the prefrontal cortex (PFC) and temporal lobes. The blood flow and activity patterns seen on his scan were indicative of a past head injury and exposure to toxins. These findings led to additional questions to find the root causes for the abnormal blood flow and activity in his brain.


[image: Figure 1]
FIGURE 1. Healthy SPECT image compared to C's pre-treatment SPECT image. A healthy SPECT image (L) shows full, even, symmetrical activity compared to C's pre-treatment SPECT image (R) with low activity, especially in the prefrontal cortex and temporal lobes. Photon emission was captured using a high-resolution Picker (Phillips) Prism 3,000 triple-headed gamma camera with fan beam collimator with data collected in 128 × 128 matrices, yielding 120 images per scan with each image separated by three degrees spanning 360 degrees. A low pass filter was applied with a high cutoff. A Chang attenuation correction was performed using linear methods. All images were processed using Odyssey software (Picker), with transaxial slices oriented horizontal to the AC-PC line. Coronal, sagittal, and transaxial slice images (6.6 mm apart, unsmoothed) were then rendered in the Odyssey step-20 scale. Image acquisition and processing methods apply to all images presented in this article.



[image: Figure 2]
FIGURE 2. C's SPECT surface underside view images before (L) and after (R) treatment. C's SPECT image before treatment (L) reveals low activity, especially in the prefrontal cortex and temporal lobes compared to post-treatment image (R) showing overall improvement.


Mr. C eventually divulged that he grew up in a family that owned and operated a motor speedway. Since childhood, he had been racing cars and has spent substantial amounts of time around the speedway where he was exposed to toxic fumes from gasoline. In addition, he had experienced multiple concussions, one of which resulted from crashing into a wall while racing a car.

After reviewing his scans and learning more about his history, it was clear Mr. C was struggling with the lingering impacts from multiple head injuries as well as the exposure to toxic gasoline fumes and had previously been given psychiatric labels based on symptom clusters. His psychiatric medications were stopped, and he was given brain supportive supplements and placed on a program to rehabilitate his brain with diet, exercise, and hyperbaric oxygen therapy shown to help with traumatic brain injury (13). Mr. C came to see his problem as a brain health issue, rather than as a mental health issue, which shifted his mindset to being a more active participant in his own care. In just a few months, he lost 80 pounds, his mood was better, anxiety was decreased, and he had better control over his temper. Several months later, his brain also showed significant improvement on the follow-up SPECT scan. After seeing his brain SPECT scan and learning about why his brain looked so troubled, Mr. C made the decision to give up car racing.

This case demonstrates how functional neuroimaging can be a powerful tool helping to show that other factors are aggravating or are the primary cause of neuropsychiatric syndromes. As seen above, traumatic brain injury as well as toxic exposure are examples of causative factors that most psychiatrists would not generally look for. The most commonly unidentified contributor to psychiatric disorders is traumatic brain injury (TBI). Although there is substantial evidence indicating its role in neuropsychiatric conditions, TBI frequently goes unrecognized and untreated (14–17). SPECT gives us clues to help identify problems that were previously unseen and undiagnosed.

A common problem seen in clinical practice is that of patients who, after years of remission, become non-responders later in their lives. Functional imaging can help identify factors contributing to this.

Mr. O was a 77-year-old gentleman whose bipolar depression had been treated successfully for years but more recently had become progressively more difficult to treat. He no longer responded to various medications and had converted from being an excellent ECT responder to a non-responder. Upon looking at his SPECT scan, he presented with significant decreased perfusion in his temporal lobes, longitudinal fissure, and parietal regions (see Figure 3). It became clear that there was a potential history of brain injury as well as a possible neurodegenerative process contributing to his poor response. Instead of treating him with higher doses or more medications, he was continued on his current medication regiment, and was placed on brain supportive supplements and given a program to improve his brain health with diet and exercise, as well as a recommendation for hyperbaric oxygen therapy. With this treatment strategy, Mr. O converted back to being a treatment responder along with the family recognizing the need to become more involved in his care.


[image: Figure 3]
FIGURE 3. Mr. O's surface view images. Note decrease perfusion in temporal lobes, longitudinal fissure, and parietal regions, as well as findings suggestive of ventricular dilation.


As with thousands of other patients who found relief of their symptoms because of the additional data provided by SPECT neuroimaging, had that not been incorporated, the underlying perfusion abnormalities in these patients would have gone undetected, thus denying them the opportunity to reduce their symptoms.



THE CHALLENGES OF SHIFTING A PARADIGM

There is expanding knowledge about the influence various brain regions have on neuropsychiatric function and how changes in these areas can result in predictable symptoms. Yet little of this information has crossed over into clinical practice. Part of the problem is the neurobiology of psychiatric disorders do not typically line up with the Diagnostic Statistical Manuel (DSM), which defines illnesses as symptom clusters that should be distinguishable conditions with common underlying etiologies. In actuality, each DSM diagnosis represents a heterogenous group of illnesses with a variety of underly etiologies. Given the DSM has been the foundation of subject choice in most clinical research it is unlikely it will correlate with functional imaging. The authors believe this is the main reason neuroimaging has not been incorporated into clinical psychiatric practice (18).

Think about the many case conferences we've all attended. A group of psychiatrists looking at symptom clusters without looking at brain function, all of whom see the same patient and use their subjective impressions of an individual's symptoms (all too frequently influenced by psychodynamic interpretations) to come up with a variety of different diagnoses and treatment recommendations. To complicate matters further, these recommendations are all based on research evaluating a heterogeneous group as if they are a single illness. Clinical course and treatment response for a particular DSM diagnosis cannot be predictive using this methodology. It is not a surprise that the overall response and remission rates demonstrated in pharmacotherapeutic studies are low when <40% of the DSM-V diagnoses meet validity testing standards (19–21).

If psychiatry is to move forward, we must first challenge the use of the categorical DSM system as the only way to diagnose patients and learn how to incorporate the findings of evidence-based neuroimaging.

As is the case with any evolving clinical science, there is a need for more work to expand our knowledge of SPECT's benefits and limitations within the clinical setting. In this article, the authors detail the evidence-based rationale for more widespread use of SPECT in psychiatric clinical practice. It explores a number of the reasons why SPECT was derailed despite showing so much promise since the late 1980s and early 1990s, reviews the obstacles and limitations involved with utilizing SPECT, and presents numerous indications that clinical psychiatrists can use immediately. This article primarily looks at SPECT as opposed to other functional neuroimaging options for the following five reasons. First, the authors have extensive experience with SPECT, and as previously stated, have built a growing database of brain scans that currently totals over 194,000 scans. Second, all major hospitals throughout North America, South America, Asia, and Europe are equipped with SPECT cameras, which means it is already a neuroimaging tool that is widely available. Third, a growing body of scientific literature validates the usefulness of brain SPECT imaging for a variety of issues within the field of clinical psychiatry. Fourth, several expert review bodies have endorsed SPECT for numerous indications that are relevant to clinicians, including dementia and brain trauma. Fifth, compared with other neuroimaging tools, SPECT is typically a less expensive imaging modality and has been recognized by the health insurance industry in the United States with specific reimbursement codes for over three decades, although reimbursement is unpredictable, especially for purely psychiatric indications.

In 1962, scientific historian and philosopher, Thomas Kuhn, wrote that scientific revolutions typically occur in 5 stages (22).


Stage I: The Discrepancies Show

In the first stage, the revolution is started when the standard paradigm begins to fail. For example, when author DA would use DSM criteria to diagnose patients with major depression or ADHD and put them on standard treatments, such as fluoxetine or methylphenidate, some patients became suicidal or aggressive. This was a paradigm-based failure that occurred far too often and was traumatic for patients and caregivers.



Stage II: The Disagreements Start

Once the paradigm begins to fail, experts begin to look for ways to fix their theories, but they resist discarding their old models entirely and instead look for small fixes. Over time, the failing model splinters into many competing schools of thought. Kuhn wrote that no matter how wrong their models have become, the leaders maintain their beliefs and continue trying to tweak their ideas to preserve their power and influence. There are now six versions of the DSM, which has not been substantially overhauled since 1980's DSM-III.



Stage III: The Revolution

Over time, a new paradigm emerges that resolves many of the problems in the field. A new paradigm can be: “Most psychiatric illnesses are not mental health issues at all. Neuroimaging clearly shows they are brain health issues that steal the mind (23).” It reinterprets existing knowledge while retaining the best of the old thinking and integrating the latest knowledge into a fresh model, thereby creating a paradigm shift.



Stage IV: The Rejection

The new paradigm is then rejected and ridiculed by the leaders in the field. This is one of the most reliable stages of a scientific revolution. The old guard becomes frustrated that the new idea did not come from them, and because they hold tightly to their own theories, this period may last for decades until they retire or die. Max Planck, the noted Nobel Laureate in physics, once wrote, “A new scientific truth does not triumph by convincing its opponents and making them see the light, but rather because its opponents eventually die, and a new generation grows up that is familiar with it1.” Science advances through funerals.



Stage V: The Acceptance

The new theory is adopted gradually as younger, more open-minded scientists accept it early in their careers and later become the leaders of the field. Kuhn also noted that new paradigms are often championed by professionals who are outsiders and not wed to the status quo.




EVIDENCE-BASED MEDICINE: BRAIN SPECT IMAGING

Structural neuroimaging, such as MRI or CT scans, is routinely recommended for first-break psychoses. “The use of anatomical scans of individuals with recent onset psychosis is justified in order to rule out neurological diagnoses that may mimic schizophrenia in their early stages. A scan also serves to reassure patient, family, and physician that diagnostic possibilities with visible cerebral insult have been considered (24).” Despite this usage, research shows that such anatomical brain scans impact clinical decisions in only approximately one-half of 1% of all cases, which shows their clinical value is sorely limited (25). As evidenced in a 2-year review, when ordered appropriately in a hospital setting, SPECT provides significantly higher levels of information that is clinically relevant in complex mental health conditions (26).

Currently, the scientific literature on functional brain imaging related to conditions that are relevant to clinical psychiatry numbers in the tens of thousands and involves hundreds of thousands of patients2. The abundance of peer-reviewed research involving SPECT validates its reliability as a measure of brain function, and in particular, regional cerebral blood flow (rCBF). Well-respected medical organizations, including the American College of Radiology (ACR) (27), the Canadian Association of Nuclear Medicine (28), and the European Society of Nuclear Medicine (ESNM) (29), have reported evidence-based medicine (EBM) clinical indications for the use of brain SPECT imaging in the evaluation of patients. Generally accepted clinical indications for SPECT include, but are not limited to:

• Evaluation of patients with suspected dementia.

• Evaluation for differential diagnosis.

• Evaluation for early detection or pre-dementia, referred to as mild cognitive impairment (MCI), SPECT can detect a functional deficit and thus guide prognosis.

• Evaluation of patients for cerebrovascular disease.

• Preoperative localization of epileptic foci.

• Evaluation of traumatic brain injury (TBI), particularly if MRI and/or CT findings are unavailable. Blood flow abnormalities in TBI have been seen on SPECT even when anatomical scans appear normal, and SPECT findings are considered valuable for medical prognosis.

• Detecting and evaluating brain inflammation related to chronic inflammatory disorders such as HIV-encephalopathy, viral encephalitis, and vasculitis.

• Evaluating brain death.

Each of these indications—with the exception of brain death and the preoperative localization of epileptic foci—provide value to practicing psychiatrists who routinely evaluate and treat dementia, mental health symptoms related to brain trauma, and the consequences of cerebral vascular disease, infections, and inflammation.

In addition to the commonly accepted indications, the ESNM recommendations also report, “SPECT can be useful in other indications such as movement disorders and psychiatric diseases (e.g., for follow-up of depression).”



THE FUNDAMENTALS OF SPECT

SPECT is a nuclear imaging study that uses isotopes bound to ligands to measure rCBF and indirectly activity. Two common radiopharmaceuticals include HMPAO (Ceretec) and ECD (Neurolite); both provide images of rCBF, where each patient acts as their own control. The highest level of activity is typically seen in the cerebellum with HMPAO and the occipital lobes with ECD. Experienced clinicians look for symmetry and areas where perfusion is either increased and/or decreased. A SPECT scan of a healthy brain reveals full, even, symmetrical blood flow (30). See Figures 4, 5 for examples of healthy scans.


[image: Figure 4]
FIGURE 4. Normal surface rendering. A healthy 3D surface rendering of SPECT information, looking at the top 45% of brain perfusion. A healthy scan shows full, even, symmetrical perfusion.



[image: Figure 5]
FIGURE 5. Normal active rendering. A healthy 3D active rendering of SPECT information, looking at areas of increased perfusion. Blue equals average perfusion, red equals the top 15% of perfusion, and white is the top 8%. A healthy active scan with HMPAO shows increased perfusion in the cerebellum.


It is important to know a patient's age when evaluating their SPECT study, because rCBF changes as humans grow older. As a result of reduced myelinization and efficiency, children tend to have higher levels of activity in the brain compared to older adults who typically have decreased levels of perfusion.

In clinical practice, one problem that has been noted with SPECT is the variability of the imaging gamma cameras and resulting variability in image quality. Image quality can be significantly improved with multi-headed cameras and fan beam collimators. Multiple organizations, including the ACR, ESNM and the Society of Nuclear Medicine and Molecular Imaging (31), have each published similar procedure guidelines for SPECT.



SPECT HAS AN IMAGE PROBLEM

One of the most commonly believed misconceptions about the clinical use of SPECT is that limited resolution restricts its value. In the early years of SPECT practice, single-headed cameras were utilized, producing low-resolution images, particularly in deep regions of the brain. For the past two decades however, sophisticated multi-headed gamma detectors with fan beam collimators have been available. According to George, multi-head SPECT camera resolution is comparable to PET at a much lower expense (32).

Another issue lies in the type of images provided by most nuclear medicine departments, namely they generate minute gray-scale coronal, sagittal, and horizontal SPECT slices (see Figure 6). These minuscule images are challenging to evaluate, including for nuclear clinicians who have years of experience. If radiologists or nuclear medicine departments provide images that clinicians find too difficult to interpret, those clinicians will consider the technology to be unhelpful. These challenges can be overcome with more advanced imaging options. For example, several manufacturers now provide software that produces three-dimensional image renderings—such as the images used in this article—that significantly enhance the images and make them far easier to interpret.


[image: Figure 6]
FIGURE 6. Typical gray scale SPECT rendered transaxial sliced images.


Another area of criticism surrounding SPECT lies in the potential for radiation exposure, particularly in children. For one single brain SPECT scan, the average radiation exposure is ~0.68 rem, which is less than a head CT (0.90 rem), which is ordered tens of millions of times each year in the U.S., and similar to a bone scan (33). Head CTs and bone scans are commonly ordered for a number of medical conditions, such as head injuries or bone fractures, indicating that such exposure to radiation is considered acceptable in medical practice. The American Academy of Neurology guidelines for SPECT report it is a safe procedure (34). To put the level of radiation from SPECT into perspective, in the U.S, natural background radiation exposure is 0.293 rem on the coast, while in the mountains of Colorado it is 0.387 rem. A single SPECT study is about twice the radiation from that of the natural environment along with other incidental radiation exposure that comes from traveling by plane, as well as from computers, televisions, and other devices (35).



OVERVIEW OF COMMON BRAIN SPECT IMAGING PATTERNS RELEVANT TO CLINICAL USE

Based on the extensive volume of scientific literature on brain SPECT imaging, several key patterns have been detected that can be applied to clinical practice. Following, are seven of the most important examples:


Overall Decreased Perfusion, or “Scalloping”

A pattern of overall decreased perfusion that has a scalloped or wavy appearance on scans is associated with exposure to toxins, certain forms of illness, or insult to the brain. This pattern is often associated with substance abuse (36, 37); the use of certain prescription medications, such as benzodiazepines3 (38); exposure to environmental toxins, such as carbon monoxide poisoning (39); infectious diseases, such as Lyme disease (40) or meningitis (41); severe hypothyroidism (42); anemia (43); anoxic states (44); hepatic encephalopathy (45); and exposure to general anesthesia (46, 47). The scalloping pattern does not indicate the etiology, rather it acts as an alert for clinicians to investigate further. Dr. Harold Bursztjan, who co-founded Harvard's Psychiatry and Law program, has said that SPECT scans do not provide answers, but rather they prompt clinicians to ask more pointed questions (48).

Consider this example:

A married couple came to Amen Clinics for evaluations after being told by their relationship counselor that they should end their marriage. This was after they had spent 3 years and thousands of dollars on therapy that wasn't effective. The problem appeared to be the husband who was diagnosed with mixed personality disorder including antisocial and narcissistic traits. The couple were upset by their therapist's suggestion to divorce and chose to seek a more thorough evaluation that included brain SPECT imaging. The husband's SPECT scan revealed overall reduced blood flow (Figure 7), which is often seen in substance abusers. However, the husband claimed that he didn't drink alcoholic beverages and had never engaged in the use of drugs. His wife confirmed that he didn't use alcohol or drugs. The scalloping pattern on his scan prompted his physician to question the man's personality disorder diagnosis. Upon further investigation, it was discovered that the husband was employed in a furniture factory, where he spent his days finishing cabinetry with toxic products. On scans, the use of inhalants is often associated with a toxic pattern (49). No amount of marital counseling would have helped this couple unless the husband's brain function improved. Removing him from the toxic environment at the furniture factory was an important step. The information about his brain dysfunction provided by the SPECT scans significantly altered his treatment plan and played a critical role in saving the couple's marriage.


[image: Figure 7]
FIGURE 7. Toxic surface scan. Notice the scalloped, “Swiss cheese,” shriveled appearance indicating overall decreased perfusion. These are surface renderings of the SPECT information, looking at the top 45% of brain perfusion; anything below that level shows up as a hole or a dent. The holes do not mean no perfusion, they mean low perfusion, compared to a healthy dataset.




Imaging Patterns Seen in Traumatic Brain Injury (TBI)

TBI, a major cause of disability and death, has often been called a silent epidemic because of the devastating effects it can have on a person's life. Among the many issues TBI sufferers may face are a number of psychiatric disorders involving mood, functional status, and cognitive performance (50). It is clear that lingering symptoms do not occur in every person who has experienced a head injury. However, how could a psychiatric clinician know if a past brain injury may be contributing to mental health issues without looking at the brain using functional neuroimaging? A patient's clinical history doesn't tell the whole story. For example, many patients don't remember suffering a head injury. Other patients may recall past head trauma, but they are unaware that it can be linked to lasting mental health issues, so they don't mention it when discussing their clinical psychiatric history.

As an example, one severely depressed and impulsive patient with addiction issues was asked 10 times if he has suffered a head injury. Each time, the 26-year-old male responded that he had not experienced any form of head trauma. In evaluating his SPECT scan (Figure 8), abnormal perfusion in the left frontal-temporal region indicated brain trauma. After seeing his own scan, the young man remembered being involved in an accident while riding a motorcycle that resulted in breaking his jaw on the left side of his face. The physical injury he sustained was near the site of the abnormal activity seen on his SPECT scan.


[image: Figure 8]
FIGURE 8. Brain trauma. Asymmetrical decreased perfusion in left frontal and temporal lobes.


SPECT is helpful in the evaluation of brain trauma and in identifying the affected brain regions and systems. SPECT provides additional information that is useful to clinicians to improve their understanding of a patient's symptomatology as well as in recommending more targeted treatment plans (51). For example, on SPECT, abnormally low perfusion in the prefrontal cortex is often seen in patients with executive dysfunction, which may be improved with prescription psychostimulants or with additional strategies intended to increase PFC activity. As another example, seeing low levels of blood flow in the temporal lobe is commonly seen in patients struggling with mood instability and irritability and may see improvement with the use of anticonvulsant medication. Scientific research also points to SPECT's ability to measure abnormal perfusion levels in cases of mild head injuries, such as whiplash or post-concussion syndrome (52). Patients who have experienced head trauma but whose MRI, CT, and/or EEG scans are normal, frequently complain of headaches, forgetfulness and memory problems, difficulty concentrating, emotional lability, dizziness, and perceptual sensitivities. These patients are often called malingerers when, in fact, they are experiencing the lasting impacts of head trauma-related brain dysfunction that can be seen on SPECT. Researchers in the nuclear medicine field have analyzed the sensitivity of both structural and functional imaging tools in patients with mild to severe head injuries and have concluded that SPECT has greater sensitivity (53).

Comparing and contrasting the benefits and limitations of both structural imaging techniques and functional imaging tools as they relate to prognosis and clinical outcome of head trauma has been the subject of scientific research. Jacobs et al. used brain SPECT imaging in a prospective evaluation of 67 patients with mild, moderate, or acute brain injuries. All of the patients participated in an initial clinical evaluation and SPECT imaging within the first month of the head trauma and were re-evaluated and had a follow-up scan 3 months after their initial scan. On the initial SPECT scans, significant abnormalities were noted in 34 of the patients. Of these patients, 59% continued to report clinical symptoms 3 months later upon follow-up. Among the 33 patients whose initial SPECT scans showed no significant abnormalities, 97% reported during re-evaluation that their clinical symptoms had resolved within the 3-month period. The positive predictive value (PPV) of an initial SPECT scan with abnormalities was 59%, however if the repeat SPECT 3 months later also revealed abnormalities the sensitivity for the follow-up scan was 95%. According to these authors, negative initial SPECT scans can be “a reliable predictor of a favorable clinical outcome (54).”

Similarly, a 2014 systematic review of 52 cross-sectional and 19 longitudinal studies showed PPV increases from initial brain SPECT imaging performed soon after a head injury incident (PPV of 59%) to repeat scans after 12 months (PPV of 95%) (14). These results were replicated in subsequent studies involving a larger cohort. In cross-sectional and longitudinal studies, SPECT showed localization of lesions that were not detected on MRI or CT scans. In cross-sectional studies, the abnormalities seen on SPECT were most frequently seen in two brain regions: the frontal lobes (94%) and the temporal lobes (77%).

These findings show that SPECT can be useful in many areas of the clinical process in patients who have experienced varying degrees of head trauma. The functional brain imaging tool aids in making a diagnosis, determining a patient's prognosis, and developing an effective treatment plan in brain trauma survivors. In complex psychiatric cases, SPECT may also detect abnormalities associated with brain injuries even when the patient has no recollection of suffering a head trauma.

SPECT does have a limitation in its detection of brain trauma. In many cases, patients do not have a prior, or baseline, SPECT imaging study for comparison purposes. Thus, clinicians are unable to rely on neuroimaging to reveal the date when a trauma occurred. On functional imaging scans, brain trauma that occurred decades earlier or in childhood may look similar to trauma that happened more recently.



Functional Neuroimaging Patterns Associated With Cognitive Decline

In the diagnosis of Alzheimer's disease (AD), autopsy reports that include an analysis of brain tissue remain the “gold standard” in the medical field. A growing body of scientific evidence, however, suggests that when evaluating patients who are presenting with cognitive decline, it may be helpful to use brain SPECT imaging in addition to diagnostic testing and clinical history (55). A number of common functional neuroimaging patterns have been noted in dementia patients: decreased perfusion in the parietal lobes, posterior cingulate gyrus, and medial temporal lobes are associated with AD; perfusion deficits in the frontal lobes and temporal lobes are seen in frontal lobe dementia; abnormalities in the occipital lobes are seen in Lewy body dementia (56); decreased vascular activity in several areas of the brain is associated with multi-infarct dementia; and decreased activity in the left prefrontal cortex combined with overactivity in the limbic system—a pattern typically associated with depression—is seen in pseudodementia (57). Clinicians are aware that patients with similar symptomatology (i.e., isolation and behavioral disinhibition) can have different dementia diagnoses. Considering that treatment protocols differ depending on the specific dementia disorder, differential diagnosis is vitally important. It is even more critical when patients presenting with dementia symptoms may actually be experiencing issues such as depression or normal pressure hydrocephalus that when treated appropriately resolve dementia-like symptoms. However, the wrong treatment can be devastating. For example, the use of antipsychotics for patients with hallucinations who actually have Lewy body dementia, can cause severe and sometimes irreversible deterioration.

For example:

L, a 73-year-old male with declining memory visited a neurologist for an evaluation that did not include functional brain imaging and was given a diagnosis of Alzheimer's disease. The commonly used medications, memantine and donepezil, however, did not improve his symptoms. Concerned about his deteriorating memory, his family brought him to Amen Clinics for a more complete evaluation including brain SPECT imaging. What the 73-year-old's SPECT scan revealed—significantly enlarged ventricles—was only a fraction of the story (see Figures 9, 10). What was not seen on the SPECT scan was even more telling. There was no hypoperfusion in the posterior cingulate and no bilateral decreased perfusion in the temporal and parietal lobes, which are commonly seen in AD. Based on the patterns seen on SPECT and on subsequent MRI neuroimaging, the man's diagnosis was changed from AD to normal pressure hydrocephalus. When treated appropriately for that diagnosis with the insertion of a shunt, he experienced marked improvements in his memory.


[image: Figure 9]
FIGURE 9. Surface SPECT images. Decreases in medial undersurface (see top left view).



[image: Figure 10]
FIGURE 10. Transaxial slices. Slices 12 and 13 show inverted “lobster pattern” associated with ventricular enlargement.


The results of SPECT studies in patients with suspected dementia to an elderly control group of healthy subjects were correlated with the histopathology of 54 subjects (biopsy in 3 and autopsy in 54) by Bonte et al. (58). The study revealed that the SPECT diagnoses were false-positive in 3 patients, false-negative in 6, true-positive in 37, and true-negative in 8 patients. Furthermore, the PPV was 92%, the sensitivity was 86%, and the specificity was 73%. These findings suggested that brain SPECT can be useful in both the early and late diagnosis of AD, as well as providing important differential-diagnosis information when the clinical presentation of demented patients is unclear or complicated.

Jobst et al. (59) evaluated functional (SPECT) and structural (CT) neuroimaging procedures for the utility of differential diagnosis in cases of dementia in comparison to clinical diagnoses of the cases. With 119 control subjects and 200 subjects with dementia, the study participants underwent annual medial temporal lobe CT scans and annual HMPAO SPECT studies The authors were able to conclude that the use of CT and SPECT together was more diagnostically accurate than standard clinical diagnosis. The study also found that common neuroimaging findings show parietotemporal hypoperfusion together with medial temporal lobe atrophy are common in AD but considerably less common in other types of dementia, and usually not found in normal controls.

DaTscan, another SPECT technology, has also been shown to help separate Alzheimer's disease from Lewy body dementia (60), and may have predictive value in longevity (61).

How does SPECT compare to PET in the diagnosis of dementia? Published studies of SPECT accuracy show that it is a useful tool for differential diagnosis, with sensitivities of 65–85% for diagnosing Alzheimer's disease and specificities (for other neurodegenerative dementias) of 72–87%. PET studies generally report slightly higher accuracies. However, there have been few direct head-to-head comparisons, with some indicating SPECT and PET to be equally useful in dementia. Although some studies suggest superiority of PET over SPECT, the evidence base for this is actually quite limited. Many of these studies have small numbers and methodically with poorly matched control groups (62). One must also take into consideration that SPECT scanning is more widely available and cheaper than PET. A new multi-headed SPECT gamma camera costs $300,000–800,000, while a PET scanner costs significantly more. Additionally, SPECT radio tracers are less expensive and have half-lives of up to 6 h, allowing a longer imaging time.



Hyperfrontality

On SPECT, hyperperfusion or patterns of overactivity in the frontal lobes (anterior cingulate gyrus and prefrontal cortex) is called hyperfrontality. This functional neuroimaging finding is associated with a variety of psychiatric disorders involving cognitive inflexibility, which is seen in patients with a tendency to get stuck on negative or worrisome thoughts or unwanted or unhealthy behaviors. Hyperfrontality can cross several different diagnostic categories and can be seen in a variety of mental health conditions such as obsessive-compulsive disorder (OCD) (63), posttraumatic stress disorder (PTSD), autism spectrum disorder (ASD), some types of mood disorders, and certain types of anxiety disorders (64). Hyperfrontality is commonly noted in scans of patients who report being rigid, fixed, inflexible, argumentative, or oppositional and who have trouble adapting to new situations.

Brain imaging research shows that hyperfrontality on SPECT has been predictive of a positive treatment response to serotonergic medication in depression (65) and OCD (66), to sleep deprivation (67), and repetitive transcranial magnetic stimulation (68) for depression, and to a cingulotomy in OCD (69). Seeing hyperfrontality on SPECT scans also aids in differentiating ADHD from OCD (70).

It is important for clinicians to understand that hyperfrontality is not considered a diagnosis. However, seeing the biological underpinnings associated with the clinical symptomology helps provide necessary information that informs treatment.

For example:

V, a 17-year-old male, presented with severe temporal lobe epilepsy, which developed following childhood meningitis. In addition, V displayed extreme aggression that had not responded to various behavioral interventions. His brain SPECT images showed severely reduced blood flow in his left temporal lobe (Figure 11 image on left), which is a common finding in epilepsy, and it also revealed extremely heightened perfusion in the anterior cingulate gyrus and lateral frontal lobes (Figure 11 image on right), which is often seen in obsessive-compulsive spectrum disorder. V's clinical history did not show symptomology typically associated with OCD; however, he did report being inflexible and rigid, and he had trouble coping when things did not go as planned. Amending his treatment plan by adding an antidepressant medication (escitalopram) that has been found to reduce overactivity in the frontal lobes significantly improved his behavior. Without the benefit of functional neuroimaging, it would have been more challenging to develop the most effective treatment protocol.


[image: Figure 11]
FIGURE 11. Surface views (L) and active views (R). Surface views (L) show severe temporal lobe hypoperfusion and active views (R) show severe hyperfrontality. The image on the left shows the outside surface of the brain, looking at the top 45% of brain activity. The image on the right shows the active rendering, where blue equals average perfusion, red is the top 15% of perfusion, and white is the top 8%. A healthy scan shows a symmetrical pattern with the most intense uptake in the cerebellum.




Hypofrontality

Another common functional brain imaging pattern is hypofrontality, in which there is decreased blood flow or activity in the prefrontal cortex (PFC). This important finding can help clinicians better understand patient symptomology and more effectively target treatment to individuals. In scientific literature, hypofrontality is associated with improved response to stimulant medication in patients with ADHD (71) and improved response to acetylcholine-esterase inhibitors in Alzheimer's disease (72). In patients with depression, decreased perfusion in the PFC is predictive of a negative response to serotonergic antidepressants (73). In addition, decreased PFC perfusion is predictive of relapse in alcohol abusers (74) and is associated with impulsivity, antisocial behaviors, and homicide (75).

As research shows, hypofrontality is associated with a wide array of mental health issues, but it is not in and of itself a psychiatric diagnosis. Even so, it provides clinicians with critical information about abnormalities in brain function that can be beneficial in understanding and treating cognitive, emotional, or behavioral issues.

For example:

J, a 62-year-old female, had struggled with a lifetime of issues such as being inattentive, easily distracted, disorganized, and unable to maintain relationships. In her clinical history, she admitted that she had been fired multiple times for turning in work that wasn't always up to her potential and for being unreliable. Despite these troubles, she was resistant to seeking help even after a family member said she might have ADHD that could be treated. J said she was “too old to change.” With some prodding from her family, J eventually turned to Amen Clinics for an evaluation that included brain SPECT imaging. Her SPECT study showed significantly decreased PFC perfusion during a concentration task, which is a hallmark finding with ADHD. For her second SPECT scan, she took 10 mg of mixed amphetamine salts, which is a common ADHD treatment. The second scan showed a marked increase in perfusion to the PFC (see Figure 12). On treatment for ADHD, J experienced improvements in her cognitive function, as well as in her relationships and career. The neuroimaging scans not only aided the clinician but also helped the patient to understand that her symptoms had a biological basis that was treatable, which increased her compliance.


[image: Figure 12]
FIGURE 12. SPECT surface images without medication (L) and on mixed amphetamine salts (R). Without medication, SPECT images (L) reveal overall decreased prefrontal perfusion and post-treatment images (R) show improved prefrontal perfusion.




Temporal Lobe Abnormalities

Abnormalities in temporal lobe perfusion are commonly seen in brain injuries and often relate to mood instability, temper problems, aggressive behavior, memory loss, and problems with language (76). This is why evaluating temporal lobe perfusion with a reliable neuroimaging tool such as SPECT is so critical in psychiatry. According to Devous et al. (77) “Both SPECT and PET have localizing power approaching that of combined scalp and depth EEG.” In psychiatry, it is important to localize potential seizure activity in patients who have epilepsy because they tend to have a high rate of co-existing mental health conditions (78). In addition, in the psychiatric field, anticonvulsants have become more commonly prescribed to stabilize moods. These medications have been found to improve overall perfusion and activity in the brain with particular improvement in the temporal lobes (79).

Temporal lobe epilepsy (TLE), a common chronic epileptic disorder, is associated with a broad range of psychiatric symptoms, such as depressed or euphoric mood, anxiety, fear, anergia, atypical pain, irritability, and insomnia (80). EEG is routinely used in the evaluation of epilepsy, however, this technology has difficulty evaluating certain key areas that are frequently involved in TLE, namely the medial aspects of the temporal lobes. By contrast, SPECT can show abnormalities that are undetected by EEG. The most common SPECT findings in epilepsy include focal reduced perfusion in the interictal phase and focal elevated perfusion in the ictal phase of a seizure. In a meta-analysis of 30 studies, Devous et al. found that sensitivities for SPECT localization in patients with temporal lobe seizures were 0.44 (interictal), 0.75 (postictal) and 0.97 (ictal). False-positive rates were low (81). These findings show that SPECT may be beneficial to clinicians in evaluating temporal lobe function in several ways, including the identification of abnormalities in any areas, finding deficits that go undetected by EEG, and potential insight into how and why anticonvulsants may be useful for a variety of neuropsychiatric indications.

Based on our three decades of brain SPECT imaging experience and clinical practice, we recommend anticonvulsants as a first-line treatment in patients who present with mood instability or anger and aggression problems and whose brain scans show either high or low perfusion in the temporal lobes. For patients with memory problems or difficulties learning whose brain scans reveal decreased perfusion in the temporal lobes, we consider acetylcholine-esterase inhibitors, provided it is deemed appropriate when the full clinical picture is considered.

Here is an example of how SPECT can be helpful in evaluating temporal lobe dysfunction:

J, a 17-year-old male, presented with severe mood swings, extreme temper problems, homicidal and suicidal thoughts, and a history of addiction. Despite evaluations by several psychiatric professionals, an 18-month stint in a residential treatment facility, and multiple medications, he wasn't improving. An addiction counselor suggested he might benefit from getting a SPECT scan.

His SPECT scan showed a major abnormality (Figure 13) in the form of a large defect cyst that took up nearly 25% of the left prefrontal and temporal regions of his brain. A subsequent MRI showed that inside his brain was a cyst the size of a tennis ball, which was causing compression of ventricles from a hemispheric shift. It is important to note that the results of J's neurological exam had been normal, but the SPECT scan clearly indicated that his brain was not normal.


[image: Figure 13]
FIGURE 13. Tennis ball sized cyst occupying the left prefrontal and temporal regions. Images show large defect in left hemisphere.


Without the added information from the functional neuroimaging, most psychiatric professionals would give J multiple diagnoses, such as bipolar disorder and conduct disorder, which often leads to a subsequent diagnosis of antisocial personality disorder. J would then be placed on medications intended to treat those diagnoses and when those medications failed, psychiatrists might turn their attention to family therapy or other therapeutic strategies. But this is the wrong approach. It is clear that even the best family therapist wouldn't be able to help this teenager, nor would psychiatric medications. Unless the pressure in his brain was relieved, he would not get well.

Many psychiatric clinicians might argue that brain imaging with MRI would have sufficed in J's instance, and ultimately that proved to be the case. However, because the abnormality was clearly seen on SPECT, it is our opinion that SPECT is the preferred evaluation tool because it also provides valuable information on both increased and decreased perfusion, which MRI does not.



Using Functional Neuroimaging to Subtype Dimensional Behavior

Using functional brain imaging in psychiatric clinical practice is in line with the efforts of the Research Domain Criteria (RDoC) initiative from NIMH, which aims to develop more effective ways to categorize psychopathology based on both observable behavior and objective neurobiological measures. Subtyping mental health conditions, such as ADHD, depression, and OCD based on brain dysfunction will be a critical component in finding the most effective and targeted treatment plans for individual patients.

Consider aggression, which the NIMH has identified as one of five key areas of interest in terms of brain function and is an area where SPECT can deliver immediate benefits to the clinician. Based on our brain imaging work on 75 murderers, as well as on hundreds of patients with a history of violent crimes such as bombings, rape, and kidnapping, we have seen that aggression is not associated with one single pattern in the brain, but rather clusters in three or more regions of the brain. One subtype is impulsive aggressive, which is associated with decreased perfusion in the frontal lobes (hypofrontality) and has been noted in the literature in antisocial personality disorder (82, 83). Patients with decreased perfusion in the PFC are often unable to control aggressive impulses, putting them at increased risk for violent behavior. Another subtype we have observed is compulsive aggressive, which is seen with increased perfusion in the frontal lobes (hyperfrontality). These patients have a tendency to explode because of inflexibility or negative thoughts get stuck in their mind. A third subtype of aggression we have seen in our brain imaging work is associated with abnormalities in the temporal lobes. In a retrospective analysis of SPECT and MRI scans from 21 individuals convicted of impulsive violent crimes, Soderstrom et al. (84) found that 16 of the offenders had varying levels of decreased perfusion in the temporal lobes and/or frontal lobes. The MRI scans of the violent criminals, however, did not reveal any anatomical problems or other abnormalities.

Since there is variability in the underlying cause of brain dysfunction in violent offenders, using SPECT to identify and understand any brain abnormalities can prompt the psychiatric clinician to ask additional questions that can lead to a more individualized and effective treatment protocol for managing symptoms and behavior problems.




SUMMARY

By identifying a patient's specific brain system dysfunction, SPECT can provide important diagnostic information that helps to individualize treatment protocols to each patient's unique needs. The standard practice of relying solely on traditional diagnostic procedures and therapeutic interventions without imaging data in complex cases has been found to be less accurate and with diminished remission rates. We have described 7 clinical areas in this paper that illustrate the complexity of symptoms relative to brain function. The authors' experiences have found that a secondary benefit of using brain SPECT imaging is that by seeing images of their brains, the patients and their families are less burdened by the stigma of mental illness and the guilt and shame that accompany it. As such, they can see that their psychiatric illnesses have medical underpinnings and are not moral shortcomings. This in turn has led to greater compliance with treatment. Plus, after seeing their own scans, patients develop a personal relationship with their own brains and often desire to treat it better, including the avoidance of toxins, like recreational drugs and alcohol. After seeing his scan, one patient said, “I felt the same after seeing one of my children for the first time; I knew I would never do anything again to hurt it.”

As with all neuroimaging modalities, the findings from brain SPECT studies are not a stand-alone diagnosis but should always be incorporated into the overall clinical assessment. There have been many discussions over the course of the last 30 years with regard to the “Future of Psychiatry” (85) as medicine begins to adopt a more biologically-based paradigm. Within this new framework, some are concerned about being able to maintain a subjective focus on patients. Reynolds, Lewis, et al. (86) opined that it is vital to ensure resident trainees have ongoing exposure to translational neuroscience early on in their residencies, and that neuroimaging is included in the curriculum. A recent report (87) demonstrated the integration of a neuroimaging module within a residency program had wide approval by residents. Certain programs have included neuroimaging to some extent during the preliminary year of the internal medicine neurology rotation. The further development of this field will need to be taken on by the Resident Review Committee for the psychiatry branch of the Accreditation Council for Graduate Medical Education (88).

The field of psychiatry is likely to continue evolving over the course of the next three decades as it increasingly incorporates functional neuroimaging in clinical practice. Quantitative EEG, arterial spin labeling, PET, and other modalities are bolstering the arsenal of neuroimaging for the future.

In the early 1990s, the APA spent several years providing courses on SPECT, but ultimately dismissed the use of neuroimaging, because it threatened the perceived integrity of the DSM which they own and from which they make money (6). Sadly, the limitations of the APA's position completely overlooked the benefits that neuroimaging tools have for physicians and their patients. Because psychiatry is the only medical specialty that does not use objective visual data for the organ they treat, they are relegated to diagnosing complex patients by looking for symptom clusters deduced from talking to and looking at them. In 1840, that was the methodology Dr. Anson Henry used to diagnose Abraham Lincoln with melancholia.

The original DSM was created prior to the development of functional assessment tools, such as SPECT and qEEG, thus the DSM was not—and is not—based on underlying neuroscience. Because of this, physicians who include functional brain imaging in clinical practice understand that scans will never match up with the siloed categories of the DSM. Experienced clinicians can often tell, in simple cases, if some individuals are likely to have ADHD, OCD, or bipolar disorder without the benefit of these tools. Given the high overlap of symptoms in more difficult cases the appropriate diagnosis is frequently missed by looking only at symptom clusters. When misdiagnosed, the treatment implications in these clinical cases can be devastating. It has been our experience that looking at brain systems using functional neuroimaging such as SPECT is extremely helpful in aiding us in these more complicated presentations.

Without the use of functional brain imaging, it is impossible to identify any brain pathophysiology of the patients they treat. Without imaging the brain, psychiatrists would not even consider if a patient's inattention, depression, or aggression could be from:

➢ Toxic exposure

➢ Head trauma

➢ Early dementia process

➢ Hyperfrontality

➢ Hypofrontality

➢ Temporal lobe abnormalities

➢ Other potential causes

If we don't look at the brain, we are unnecessarily flying blind and will miss important diagnoses, and be led to the wrong treatment plan, potentially resulting in years of patients' suffering, disability, and potential suicide. This is a disservice to our patients and these errors can be minimized so we don't hurt the people and families we are entrusted to help.

The authors believe clinicians should consider ordering SPECT scans in complex cases, where traditional approaches prove to be ineffective. This will help clinicians move away from treating symptoms to looking at and treating dysregulation of various brain systems. Additionally it will help psychiatrists expand their recognition, understanding, and treatment of other comorbid factors affecting treatment efficacy such as TBI, infection, inflammation, and toxicities. In a large outcome study we performed at Amen Clinics on over 500 patients, before coming to us they failed 3.3 providers and 6 psychiatric medications (89). We suggest a SPECT scan should be considered after two treatment failures.

Be careful if you wish to change a paradigm, as it invites cruel and bitter criticism4, which has been our experience. In the fifteenth century, the Italian politician, Niccolo Machiavelli, explained: “It must be remembered there is nothing more difficult to plan, more doubtful of success, nor more dangerous to manage than a new system. For the initiator has the enmity of all who would profit by the preservation of the old institutions…” (90).



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

For all case studies presented herein, written informed consent was obtained from the individual adult patients as well as from the minors' legal guardians for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



FOOTNOTES

1https://en.wikiquote.org/wiki/Max_Planck

2http://www.amenclinics.com/brain-science/spect-research/spect-abstracts/

3https://www.psychiatrictimes.com/view/anti-youth-pill-alprazolam-toxicity-can-add-years-brain-age-and-appearance

4https://www.washingtonpost.com/lifestyle/magazine/daniel-amen-is-the-most-popular-psychiatrist-in-america-to-most-researchers-and-scientists-thats-a-very-bad-thing/2012/08/07/467ed52c-c540-11e1-8c16-5080b717c13e_story.html
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Over the last three decades, the brain's functional and structural imaging has become more prevalent in psychiatric research and clinical application. A substantial amount of psychiatric research is based on neuroimaging studies that aim to illuminate neural mechanisms underlying psychiatric disorders. Single-photon emission computed tomography (SPECT) is one of those developing brain imaging techniques among various neuroimaging technologies. Compared to PET, SPECT imaging is easy, less expensive, and practical for radioligand use. Current technologies increased the spatial accuracy of SPECT findings by combining the functional SPECT images with CT images. The radioligands bind to receptors such as 5-hydroxytryptamine 2A, and dopamine transporters can help us comprehend neural mechanisms of psychiatric disorders based on neurochemicals. This mini-review focuses on the SPECT-based neuroimaging approach to psychiatric disorders such as schizophrenia and major depressive disorder (MDD). Research-based SPECT findings of psychiatric disorders indicate that there are notable changes in biochemical components in certain disorders. Even though many studies support that SPECT can be used in psychiatric clinical practice, we still only use subjective diagnostic criteria such as the Diagnostic Statistical Manual of Mental Disorders (DSM-5). Glimpsing into the brain's biochemical world via SPECT in psychiatric disorders provides more information about the pathophysiology and future implication of neuroimaging techniques.
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INTRODUCTION

Diagnosis of psychiatric disorders has always been debated, yet there is still no objective diagnostic tool. Throughout the diagnostic revision process of psychiatric diseases, schizophrenia, and depression are two of the most valid and stable psychiatric disorders regarding diagnostic criteria. However, even though diagnostic criteria have evolved to diagnose these diseases better, we still lack the insight to comprehend the biological aspects of these disorders. Thus, there is a huge gap in diagnosis and providing biological information for these disorders via neuroimaging methods.

Functional and structural imaging methods have contributed to a better understanding beyond the molecular process of psychiatric disorders (1). Magnetic resonance imaging (MRI), functional magnetic resonance imaging (fMRI), SPECT, and positron emission tomography (PET) have evolved to enlighten complex psychiatric disorders. Among these imaging methods, SPECT and PET have similar properties in terms of methods they use. Basically, both methods give information based on the spatial concentration of injected radiopharmaceuticals. The fundamental difference between PET and SPECT stems from the radiotracers they utilize. While SPECT uses heavy isotopes like 99mTc and 123I that emit gamma-ray, PET uses lighter isotopes such as 11C, 13N, and 18F that emit positrons. The half-life of the pharmaceutical used in SPECT is longer than PET, which makes it possible to perform more longitudinal scans. The cost of SPECT is lower than PET which makes it much easier to use in clinical practice and more accessible. Despite the many advantages of SPECT imaging, PET offers more spatial resolution than SPECT (2).

Radiotracers used in brain imaging should have some features for obtaining high-quality images. These are high affinity, specificity for the desired target, low non-specific binding, low plasma protein binding, ability to pass through the blood-brain barrier, and high plasma clearance (3). The most used radiotracer in Brain SPECT is Tc-99m-hexamethylpropylene amine oxime (HMPAO) which shows perfusion. Perfusion SPECT can be used to diagnose and assess neuropsychiatric pathologies such as dementia, traumatic brain injury (TBI), toxin exposure, and inflammatory disorders by detecting hypoperfusion in the brain (4, 5). Moreover, perfusion SPECT gives us essential clues in many psychiatric disorders. Perfusion SPECT can help estimate typical stimulant medication response in children with attention deficiency and hyperactivity disorder (ADHD) (6). It can show blood perfusion alteration in treatment resistant MDD (7). Many SPECT studies regarding psychiatric disorders are based on perfusion, but neurochemical SPECT studies provide more specific information about the pathophysiology. That target-specific feature makes SPECT a valuable tool for psychiatric research.

In this mini-review, we summarized and discussed SPECT findings of schizophrenia and depression. To investigate SPECT studies in patients with schizophrenia and depression, we performed a systematic literature search on PubMed database using the keywords “SPECT,” “Schizophrenia,” and “Depression” and any of following words: “GABA,” “Serotonin,” “Glutamate,” and “Dopamine.” Most relevant and recent studies on the subject are included in this mini-review in consideration of the balance between developments and limitations in this area.


SPECT in Schizophrenia

Schizophrenia is a heterogenous and chronic psychiatric disorder that manifests with positive and negative symptoms. These symptoms arise from complex molecular alterations in the brain. The molecular aspect of schizophrenia has been investigated for many years to understand the nature of the disease better. One of the most studied molecular components of schizophrenia is dopamine (8). Dopaminergic pathways consist of presynaptic and post-synaptic compartments. The presynaptic compartment comprises dopamine synthesis, dopamine storage into vesicle by vesicular monoamine transporter 2 (VMAT), dopamine degradation by monoamine oxidase (MAO), dopamine release, and dopamine reuptake by dopamine transporter (DAT). The post-synaptic compartment includes dopamine receptors and post-receptor signaling [(9); Figure 1].


[image: Figure 1]
FIGURE 1. The dopaminergic transmission on synaptic cleft.




Imaging of Dopaminergic System

It has been previously known that dopaminergic pathway alteration takes part in schizophrenia pathophysiology. Many studies with imaging methods indicate that increased subcortical dopamine activity and decreased cortical dopamine are part of the disease process (10). Of those imaging tools that are targeting the molecular mechanism of schizophrenia, SPECT has a significant contribution. The first SPECT study on schizophrenia was published in 1986 (11). 77Br-bromospiperone, which is not popular today due to poor imaging characteristics, was used in that study to show D2 receptor density.

With the advancement of dopamine studies in schizophrenia, new molecules have emerged to assess post-synaptic dopaminergic activity, such as [123I] iodobenzamide (IBZM) and [123I] epidepride [(12); Table 1]. These radiotracers act by binding to the post-synaptic receptors and allow us to assess post-synaptic dopamine activity. However, antipsychotics used for the treatment of schizophrenia also bind to the same receptor and display the radiotracer. Thus, patients taking antipsychotic medications may test at lower levels of dopamine receptor availability than is actually the case (28). In studies on the effects of antipsychotics on dopamine receptors, the basal ganglia/frontal cortex ratio, which shows striatal dopaminergic activity, was found to be negatively correlated with extrapyramidal side effects (13, 14). In addition, the BG/FC ratio of IBZM was lower in inadequate treatment response to antipsychotics (14). In general, in meta-analysis studies, we see that the post-synaptic D2/D3 receptor activity of patients with schizophrenia is slightly elevated, but this effect is not significant in patients who do not receive treatment (16, 29).


Table 1. Binding sites and summary of studies of available SPECT radiotracers for dopamine, serotonin, GABA, and glutamate.
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Another process of the dopaminergic pathway, which is dopamine release into the synaptic cleft, could also be probed in vivo by IBZM (30). Dopamine release into the synaptic cleft could be assessed by the combination of dopamine release induction by amphetamine or methylphenidate and SPECT technique. When the dopamine receptors are occupied by dopamine, it results in decreased radiotracer binding. There is a negative linear relationship between dopamine release and radiotracer availability. Imaging studies assessing dopamine release in patients with schizophrenia indicate an increased amphetamine-induced dopamine release (31–33).

[123I] epidepride is another radiotracer to identify extrastriatal frontal D2/D3 receptors, which involve cognitive functions like planning, attention, and task switching (34–36). Inhibition of these extrastriatal receptors by antipsychotics results in decreased attentional focus, as shown in a previous study (15). Moreover, positive symptom reduction was positively correlated with the binding potential of frontal D2/D3 receptors in the three mounts of zuclopenthixol and risperidone treatment study (15).

The dopamine transporter is another part of the dopaminergic system. SPECT studies comparing schizophrenia with healthy controls (HC) that assess dopamine transporter by [123I]-FP-CIT (N-omega-fluoropropyl-2beta-carboxymethoxy-3beta-{4-iodophenyl} tropane), [123I]-β-CIT (Iodine-123-beta-carbomethoxy-3 beta-(4-iodophenyltropane)), and [99mTc]-TRODAT show no difference (16). Besides the dopamine transport and post-synaptic dopamine receptor, dopamine synthesis is one of the important processes of the dopamine pathway in schizophrenia. Even though SPECT studies cannot address it, PET meta-analysis shows elevated dopamine synthesis capacity in schizophrenia (16).

It could be inferred from these findings that the synaptic space of the dopaminergic system might be affected by the treatment process rather than by the disease itself (29). Studies related to the presynaptic dopaminergic system, mainly investigated by PET rather than SPECT due to lack of suitable radiotracers, point out that increased dopamine release and dopamine synthesis capacity result in presynaptic dopaminergic neurotransmission activity (37). This presynaptic dopaminergic activity is regulated primarily by other neurotransmitter pathways such as glutamate and GABA (28).



Imaging of GABAergic System

GABA has an essential role in the molecular aspects of schizophrenia pathogenesis by regulating presynaptic dopaminergic activity (28, 38). In vivo imaging and post-mortem studies evaluating the role of GABA in schizophrenia show important results. SPECT studies can visualize α1, α2, α3, and α6 subunits of GABAA receptors by utilizing [123I] iomazenil (39). Inconsistent results were reported in different studies evaluating GABA bioavailability and symptom severity in schizophrenia. While no correlation was found in two of the studies investigating the relationship between symptom severity and GABA receptor availability in patients with schizophrenia (40, 41), a correlation was found in one study evaluating this relationship based on negative and positive symptoms (42). Negative symptoms were found to be negatively correlated with the GABA binding in medial frontal region, whereas positive symptoms were found to be negatively correlated with GABA binding in the medial temporal lobe (42). Three voxel-wise studies to evaluate regional differences in the brain show that GABA binding is generally low despite regional inconsistencies (40, 43, 44).

Even though there are inconsistent results in GABA studies in schizophrenia, the most replicated findings are reduced glutamic acid decarboxylase 67 (GAD67) mRNA, which plays a role in cytosolic GABA-synthesis, in post-mortem studies (45–47). Subtypes of alpha unit findings in post-mortem studies show that there is a decrease in alpha 1 (47–49) subunit and an increase in alpha 2 subunit (49, 50), and inconsistent results for alpha 5 subunit (50–52).

A systematic review comparing HC and schizophrenia regarding GABAA/BZ receptor binding availability reported no significant group differences (17). Consequently, even consistent results have been replicated in post-mortem studies and in vivo neuroimaging studies have not shown promising results for GABA alteration in patients with schizophrenia.



Imaging of Glutamatergic System

Dysfunction in GABA results in disinhibition of the glutamatergic pathway and asynchronous cortical activity (17). Glutamate acts as a regulatory neurotransmitter in the presynaptic dopaminergic pathway as well as GABA. Glutamate has both G-coupled metabotropic and ligand-gated ionotropic receptors. It has been demonstrated that NMDA, which is an ion-gated glutamate receptor, is involved in schizophrenia pathogenesis (53). However, SPECT studies that investigate NMDA levels are insufficient despite the importance of glutamatergic transmission in schizophrenia. In literature, the glutamatergic pathway has been assessed by [123I] CNS-1261. [123I] CNS-1261 acts as an NMDA receptor ligand. One SPECT study indicates that the total volume binding distribution of [123I] CNS-1261 does not show any difference between healthy control and drug-free schizophrenia patients (18). In the same study, global binding of [123I] CNS-1261 was reduced in patients on clozapine treatment compared with drug-free patients (18). This result could be related to downregulation due to clozapine treatment, disease-related pathology, or competition of clozapine and radiotracer at the binding site. Further study revealed a significant negative correlation between [123I] CNS-1261 binding and residual symptom severity in patients under treatment of typical antipsychotics (18). Otherwise, the symptom duration of the medication-free group was positively correlated with [123I] CNS-1261 binding in the middle inferior frontal cortex (54). These two studies may underpin the probable importance of the glutamatergic system in schizophrenia.



SPECT in Depression

Depression is a widespread disabling mental disorder that lifetime prevalence is around 20%, with a high risk of recurrence (55). Various molecular pathologic processes lie behind depression, which have not been fully comprehended. Molecular imaging of depression has been a widely investigated field to establish molecular aspects of depression. One of the most prominent suggestions to elucidate this brain disorder is the monoamine hypothesis which proclaims that depressive patients have lower serotonin, noradrenaline, and dopamine (56). This argument has been studied for the last decades, and the research put forward some evidence on that subject. However, the monoamine hypothesis is still debated, and there is still insufficient evidence of this subject (57). Molecular imaging methods may help with this controversial topic via advanced radiotracers to assess dopamine, noradrenalin, and serotonin levels, and, lately, the degrading enzyme of these monoamines called monoamine oxidase (MAO). Unfortunately, MAO cannot be assessed by SPECT imaging due to lack of radiotracer.



Studies of Blood Perfusion

Although neuroimaging studies focus on brain function and cerebral blood flow, in this review, we will largely discourse the molecular imaging of neurotransmitters and receptors in major depressive disorder. Briefly, the articles have reported hypoactivity in dorsolateral prefrontal cortex, pregenual anterior cingulate cortex, posterior anterior cingulate cortex, left superior temporal gyrus, insula, and cerebellum (58). In contrast, the subcortical structures (caudate, thalamus) and limbic structures (amygdala, anterior hippocampus) show hyperactivity (58).

One of the other significant regional activity findings related to depression is subgenual anterior cingulate cortex (sgACC) hyperactivity, which has been shown in studies that hyperactivity of sgACC is related to treatment-resistant depression (59, 60). The relationship between sgACC activity and treatment response has been studied many times, and this finding could be beneficial for assessing treatment response in clinical practice in the future.



Imaging of Serotoninergic System

In addition to cerebral blood flow imaging studies, neurochemical imaging of depression provides information on molecular alteration. The most known neurotransmitter in depression is serotonin. The serotoninergic system is responsible for regulating sleep, stress responses, pain, motor activity, cognition, emotional behavior, appetite, aggression, and impulsivity which are prominently altered in depression (61). However, it is still not well-known how the serotoninergic system is impaired in depression.

Serotonin is synthesized from tryptophan which is transported by large amino acid transporter over the blood-brain barrier. First, tryptophan is hydroxylated by tryptophan hydroxylase to 5-hydroxy-tryptophan, and then 5-hydroxy-tryptophan is decarboxylated into 5-hydroxy-tryptamine (5-HT), which is known as serotonin (62). Then, the produced serotonin is stored into synaptic vesicles by a vesicular monoamine transporter. Vesicles fuse with the synaptic membrane, and serotonin is secreted into the synaptic cleft. After serotonin is released into the synaptic cleft, it binds to its specific receptor, crucial for post-synaptic transmission. The effect of synaptic transmission is resolved by serotonin reuptake via serotonin transporter (SERT) (62).

Another essential structure related to the serotonergic system in depression is the serotonin receptors, which have various subtypes, including 5HT1A, 5HT1B, and 5HT2A. 5HT1A receptors are located in the presynaptic compartment of serotoninergic cell bodies of raphe nucleus and post-synaptic side of terminal area. The 5HT1A receptors are Gi-coupled receptors that hinder neuronal transmission (63). [123I] p-MPPI (4-(2′-methoxy-) phenyl-1-[2′-(N-2′′-pyridinyl)-p-iodobenzamido-]ethyl-piperazine) is a SPECT radiotracer that binds 5HT1A receptors in vivo which is available for rat and non-human primate but not for human. 5HT1A imaging via SPECT radioligands is restricted due to possible brain excretion by efflux transporter (25). 5HT1B is the other receptor on serotoninergic neuron terminal, an autoreceptor that regulates 5-HT levels by downregulating the serotoninergic system (63). To investigate this molecular process, SPECT provides an opportunity to assess the serotoninergic system. However, evaluation of serotonin synthesis by SPECT is currently limited with SERT and 5HT2A receptors in humans due to the lack of suitable radiotracers.



Imaging of SERT

The SERT bioavailability is assessed by [123I] β-CIT and its analog [123I] nor-β-CIT, which has a 10-fold higher affinity to SERT than [123I] β-CIT (62, 64, 65). These two radiotracers are not specifically binding to SERT but also bind to noradrenaline transporter (NET) and dopamine transporter (DAT) (66). [123I] ADAM is a recently developed radiotracer for SPECT, and it is more specific to SERT than [123I] β-CIT and [123I] nor-β-CIT (67). However, it is still controversial what SERT availability represents. The increased availability of SERT might indicate enhanced serotonin clearance in the synaptic cleft and vice versa (68). On the other hand, the low level of endogenous serotonin might also impact SERT availability by downregulating it (69, 70). In consequence of unclear alteration of SERT bioavailability in depression, SPECT studies assessing SERT bioavailability in depression have inconsistent results.

The serotonin transporter enriched regions are midbrain, thalamus/diencephalon, and medial prefrontal cortex (mPFC) (71). Some SPECT studies comparing SERT availability in the midbrain between healthy controls and depressive patients show no difference (19–21). However, some studies also indicate that SERT binding is decreased in the midbrain (22–24). The SERT density in the midbrain might be negatively correlated with depression severity (24). Perceived adverse life events, which is considered a trigger of depression, impact SERT by reducing it even in healthy subjects (72). Moreover, one study asserts that higher midbrain SERT is related to antidepressant treatment efficiency (73). During treatment with selective serotonin reuptake inhibitors (SSRI), higher occupancy of SERT by SSRI is correlated with a lower Hamilton Depression Rating Scale Score (74). A recent study with drug-naïve first episode major depressive disorder (MDD) patients found no SERT bioavailability difference between HC and MDD, but found a positive correlation between SERT bioavailability and kynurenine/tryptophan ratio, which indicates tryptophan metabolism (75). A meta-analysis of in vivo SERT imaging studies found significantly reduced SERT availability in striatum, amygdala, and brainstem but no significant change in thalamus and hippocampus in in vivo studies. In addition, a meta-analysis of post-mortem studies did not find any SERT alteration in brainstem, frontal cortex, and hippocampus but found a significant reduction in amygdala and striatum (76). These inconsistent findings could be caused by different imaging methods, possible brain atrophy that influences the SERT quantification, and the strength of the studies (75).



Imaging of 5HT2A

Although there are few SPECT studies associated with 5HT2A receptors in depressed patients, [123I] R91150, which better evaluates 5HT2A receptors than their PET equivalents because of their lower signal-to-noise ratio, provides essential information about depression (25–27). [123I] R91150 studies are concerned with behavioral patterns in depression rather than directly reflecting the depressive scores. For example, one study evaluating the correlation between harm avoidance and 5HT2A receptors reported that high harm avoidance scores related to shyness, fearfulness, and fatigue are positively correlated with left DLPFC 5HT2A receptor binding (26). Another study of six mounts drug-free patients with suicide attempt reports reduced 5HT2A binding in the frontal cortex (27).



Conclusion

Many tools have provided advances in the knowledge of molecular aspects of psychiatric disorders. Significant contributors to this progress are molecular imaging methods, including SPECT and PET. Among those imaging methods, SPECT is remarkable for its feasibility and cheapness, which makes it useful in clinical practice (2). However, even though studies support SPECT usage in psychiatric disorders such as evaluating dementia, inflammation, toxic exposure, and TBI, there is still a lack of proper objective diagnostic tools besides the Diagnostic Statistical Manual of Mental Disorders (DSM-5), which is based on subjective criteria (5, 6, 77).

In addition, these subjective criteria address neither the pathophysiology nor the treatment of psychiatric disorders (77). As a result, the pathogenesis, correlation to neurological function, and treatment options of psychiatric disorders with profound morbidity, such as schizophrenia and depression, remain hotly debated. The fact that 60% of DSM-5 diagnoses lose their validity when tested in clinical studies supports this mismatch between DSM-5 diagnostic constructs and the neurobiology of patients (78). In view of the above, we can conclude that new diagnostic methodological approaches, including molecular imaging, are essential to elucidate the molecular pathophysiology underlying these complex psychiatric disorders.

Most of these SPECT studies have a small number of participants. Hence, significant but slight alterations could not be detected. Multi-centered and meta-analytic studies could reveal undetected pathophysiological changes. Available SPECT radiotracers to investigate the neurotransmission process in human is still insufficient. Novel radiotracers may help us obtain detailed information about neurochemical aspects of neurotransmission in psychiatric disorders. Furthermore, schizophrenia and depression have different subtypes and heterogeneity. Combined studies of structural and functional MRI with SPECT might clarify this complexity derived by heterogeneity. Additionally, the machine-learning approach in molecular imaging could help the diagnostic process (79). Further studies using novel radiotracers, combined imaging techniques, and machine-learning algorithms are needed to understand psychiatric disorders better and support the clinical utility of SPECT in the future.
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The difficulties of evaluating patients with complex neuropsychiatric conditions and prescribing appropriate treatments are well known. Imaging complements clinical assessments and allows a clinician to narrow the differential diagnosis by facilitating accurate and efficient evaluation. This is particularly relevant to neuropsychiatric conditions that are often diagnosed using a trial-and error process of exclusion. Single Photon Emission Computed Tomography (SPECT) is a functional brain imaging procedure that allows practitioners to measure the functional changes of gray matter structures based on regional cerebral blood flow (rCBF). The accurate diagnosis and treatment selection in psychiatry is challenging due to complex cases and frequent comorbidities. However, such complex neuropsychiatric conditions are increasingly benefitting from new treatment approaches, in addition to established medications. Among these are combination transcranial magnetic stimulation with ketamine infusions (CTK), hyperbaric oxygen therapy (HBOT) and perispinal administration of etanercept (PSE). This article provides readers with six case study examples that demonstrate how brain SPECT imaging can be used, both as a diagnostic tool, and as a potential biomarker for monitoring and evaluating novel treatments for patients with complex neuropsychiatric conditions. Six patients were assessed in our clinic and baseline brain SPECT imagesTourettes and a long history of alcohol were visually compared with SPECT images collected after periods of treatment with CTK or HBOT followed by PSE. This retrospective review demonstrates the clinical utility of these novel treatments and describes how SPECT imaging can complement standard diagnostic assessments. A novel display technique for SPECT images is described and we argue that SPECT imaging can be used for monitoring biomarker for clinical change.
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INTRODUCTION

While experienced psychiatrists may be able to diagnose patients with neuropsychiatric conditions based on behavioral criteria, functional brain imaging tools can inform the clinician of their underlying neurobiology. Functional brain imaging can therefore provide clinicians with insightful information that enables them to narrow the differential diagnosis and to monitor and to evaluate any therapeutic benefit of the treatment (1). Single Photon Emission Computed Tomography (SPECT) is a functional brain imaging procedure that displays the functional status in the whole gray matter volume. A radiotracer is administered to the patient and is transported via the bloodstream and is quickly removed through normal kidney excretion. During circulation, some radiotracer is taken up by the brain tissue with the uptake of radiotracer dependent on the regional cerebral blood flow (rCBF). The detection of the radiotracer uptake across the brain allows the clinician to identify areas of both underperfusion (hypofunctioning) and of hyperperfusion (hyperfunctioning). Brain SPECT also has the functionality to detect the presence of comorbidity that can occur due to a variety of causes, including neurodevelopmental problems, traumatic brain injury, neuro-inflammation, non-convulsive epilepsy, neurotoxic exposure and nutritional deficiencies all of which contribute to altering the blood flow levels in various gray matter structures.

SPECT generates a three-dimensional (3-D) mapped representation of the brain that can be presented with color-coded intensities proportional to rCBF and correlating with the function in that region. Accurate and reliable visual interpretation of brain SPECT relies on optimizing the presentation of images using effective display tools and techniques, which are demonstrated herein. Diagnosis can also benefit from the complementary information exhibited by SPECT images displayed in a variety of formats including slices, surfaces and volumes. The optimal approach to accomplish accurate and efficient interpretation of brain imaging modalities is debated by researchers and clinicians in the literature (2–7), with discussions primarily centered on either conventional visual analysis by an experienced investigator and/or quantification techniques including voxel-wise analysis or region of interest (ROI) approaches (8–12). SPECT image quantification within clinical research typically identifies statistically significant differences based on mean group values, which do not always equate to individual differences, which is typically the focus in clinical practice (8). Therefore, the visual interpretation of individual SPECT images remains a foundational skill within clinical practice and quantification is considered favorable for larger studies for identifying trends (8, 13).

However, SPECT imaging is underutilized in clinical practice despite a growing, evidence-based foundation for its application in numerous indications relevant to psychiatric practice (14–23). This underutilization is particularly unfortunate as SPECT is an easy-to-perform, non-invasive procedure and remains among the least expensive neuroimaging tools available (24, 25). The historic underutilization of neuroimaging techniques in psychiatry has also led to the consequential inadequate biological understanding of neuropsychiatric conditions (26). Without such biological understanding it is also difficult to identify meaningful biomarkers for diagnosis, prognosis or risk, which is particularly relevant as psychiatric treatments can lead to biological changes (24, 26, 27). In addition, neuropsychiatric conditions are often diagnosed using a process of exclusion and additional information from brain SPECT imaging can complement the information gathered from clinical assessments. Given the current underutilization of SPECT, additional work is required to integrate the brain SPECT information in a more precise clinical context, given the extent of comorbidities present in many neuropsychiatric conditions.

Previous studies have demonstrated how SPECT can be utilized to diagnose psychiatric disorders (3, 28, 29) and to evaluate established treatments (4, 30–32). The accurate diagnosis and treatment selection is complicated in psychiatry by complex cases and frequent comorbidities (2). However, these conditions are increasingly benefitting from new treatment approaches, including Transcranial Magnetic Stimulation (TMS), combinations of TMS with ketamine infusion (CTK) and Hyperbaric Oxygen Therapy (HBOT) with perispinal administration of etanercept (PSE) (33–36)]. TMS is a non-invasive technique for stimulation of the brain that can induce antidepressant and anti-manic effects, however treatment response can be slow (37–39). Ketamine is effective in reducing depressive symptoms (40) via multiple mechanisms of action, including modulating signaling that stimulates neurogenesis and neuroplasticity, as well as acting as a tumor necrosis factor (TNF)-alpha inhibitor resulting in an anti-inflammatory effect (41–43). CTK is a patented procedure and studies have indicated that CTK is an effective, long-term therapy for patients with various neuropsychiatric conditions, whereby the coincident administration of ketamine allowed for higher TMS intensities than otherwise would be tolerated by patients (33, 44–46). Treatment with HBOT followed by PSE has also been identified as a possible treatment for cognitive impairment (35, 36, 47, 48). HBOT is believed to have anti-inflammatory effects by reducing excess pro-inflammatory cytokine activation, such as TNF-alpha, and facilitates improvement by provocation of stem cell activity, which can lessen the neurological impact of brain injuries (49–51). PSE injections modulate TNF-alpha directly to the central nervous system and act to normalize the inflammatory response in stroke, traumatic brain injury, and encephalopathic conditions (52). Despite supportive evidence of the clinical utility of novel treatments, such as CTK and HBOT with PSE, further investigation of these combination treatments is required.

This article builds on the current literature and presents a retrospective review of a case series including six patients with complex neuropsychiatric presentations. Baseline brain SPECT images were visually compared with SPECT images collected after periods of treatment with three novel treatments of CTK or HBOT followed by PSE during routine clinical practice. In this article we also describe a novel SPECT imaging display technique, present evidence of the clinical utility of CTK and HBOT with PSE and we propose that SPECT can be used as an imaging biomarker for monitoring and evaluating clinical change.



MATERIALS AND METHODS


Study Cases

Six patients presented to our clinic with disabling neuropsychiatric conditions of various causes following extensive unsuccessful periods of treatments. The conditions and comorbidities differed for each patient (I-VI). Treatments were selected for each patient following the clinical assessment of the patient. The six cases presented herein were purposefully selected as they demonstrate the usefulness of brain SPECT imaging in evaluating patients with neuropsychiatric conditions and to monitor their response to treatment. An overview of the patients, their diagnosis and treatment are presented in Table 1 with more thorough details of patient histories, selected treatments and outcomes presented in the Results section. All subjects consented to the use of their data and information for the research purposes described herein.


Table 1. Characteristics of patients with complex neuropsychiatric conditions (n = 6) with selected treatment.
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Novel Treatment Options

SPECT imaging was used to identify the extent and severity of hypoperfused areas, which complemented the standard clinical assessment data collected. Treatment decisions were based on the full baseline assessment and patients were either treated with CTK or HBOT followed by PSE. The CTK procedure has been described in detail previously (9). Patients who present at our clinic with TRD are treated with CTK before, or instead of, electroconvulsive therapy (ECT) or TMS or ketamine administered independently, based on evidence that CTK offers benefits over these established treatments for patients with TRD (33, 46). In brief, four patients treated with CTK received TMS (30 min) and 5 min after the commencement of TMS, intravenous infusions of the NMDA-receptor inhibitor, ketamine, began (20 min). The TMS (1 Hz) was applied continuously for 30 min at a power output setting equivalent to 130% of motor threshold (MT). A biomarker-dependent dosing strategy was applied, whereby ketamine was gradually titrated in small increments until the patient entered a mildly cataleptic state. Catalepsy refers to the neuromuscular condition characterized by muscular rigidity and fixity of posture regardless of external stimuli, as well as markedly decreased sensitivity to pain. Titrations began at 20 mg, with an average dosage range of 0.4–2.3 mg/kg (full range from 0.2 to 4.7 mg/kg). Once the patient began to stiffen or posture, the ketamine infusions could be discontinued. Following the completion of the ketamine infusion, the TMS would continue for a further 5 min, after which the CTK procedure was complete. Frequency of treatment is dependent on patient responsiveness (typically 10–30 sessions).

Two patients who presented to this clinic with treatment refractory illness in the context of traumatic brain injury (TBI) or mild TBI (mTBI) were treated with HBOT followed by PSE. Previous experiences of treating patients have indicated that the benefits of HBOT and PSE injection may be cumulative (53). HBOT treatments were administered daily in a multi-place chamber for 60 min at a depth of 1.75 atmosphere absolute (ATA). After the first ten HBOT treatments, one 25 mg PSE injection was administered approximately once weekly and the number of further HBOT sessions and PSE injections was tailored to the patient. The method of perispinal administration of etanercept was used under license from the patent holder, TACT IP, LLC1.



SPECT Imaging and Visual Analysis

Brain SPECT was carried out before (baseline) and after treatment for each patient. A triple head gamma SPECT camera (Picker Prism 3000XP), equipped with low-energy, ultra-high resolution (LEUHR) fan beam collimators was used to detect the uptake levels of the radiotracer, 99mTc-D, L-hexamethylene-propylene amine oxime (HMPAO), which is correlated with rCBF and metabolic activity. Reconstructions of multiparametric display were performed on the Picker Odyssey computer using filtered back projection and Chang attenuation correction (54). Once the final distribution is established post-injection and without significant change for 2–3 h, the visualization of the whole gray matter volume can be completed via a 3-D mapping of perfusion levels. Visual analysis was performed by an expert nuclear medicine physician with over 30 years of experience in SPECT.

In the absence of a qualified biomarker (27, 55), this study evaluates SPECT as an imaging biomarker based on the US Food and Drug Administration (FDA) monitoring biomarker definition (56). Monitoring biomarkers are analyzed at different time points to monitor the status of a disease or medical condition, and as a marker of the response to an intervention (56). In this review, the monitoring biomarker corresponds to the increase in brain perfusion detected with optimized displays of SPECT images before and after treatment. For each patient, the baseline SPECT images were compared with the post-treatment SPECT images to assess the functional improvements across different areas of the brain.

The increased perfusion was detected using a purposefully designed, discrete color scale (DGP40%) as a semi-quantitative tool that assessed relative perfusion across different displays. The distribution of the radiotracer within the brain was visualized in several ways during this study: Firstly, slicing, whereby processing was based on reconstruction, filtering, reorientation and attenuation correction and led to three orthogonal cuts (sagittal, coronal and transaxial) supplemented by a fourth axial display obtained along the temporal axis. Secondly, 3-D stereotactic surface projections were obtained with the Neurostat software (57). Stereotactic surface projection is a technique used for the analysis of SPECT images to extract functional areas projected onto the brain surface for the visual representation of brain perfusion. The discrete DGP40% color scale was applied to the orthogonal slice displays and the surface projection images to facilitate visualization of the level of perfusion. The maximum perfusion in the image was scaled to 100%, with each color band corresponding to a different level of perfusion, as measured in steps of approximately 3%. The threshold is set at 40% to suppress background noise.

Finally, thresholded volumetric displays were used to create a surface that represents voxels of a constant value and are therefore also termed iso-surface images. The region of the brain with the highest uptake of radiotracer was used as the reference value (the cerebellum in the majority of cases) and a 67% threshold value (relative to the reference value) was applied to generate 3-D iso-surface images with “holes” in the image corresponding to areas of the cortex with lower perfusion. Since the images are continuous, the threshold value of 67% was selected as it accentuated corresponding areas in the color images, focused attention on hypoperfused areas and allowed for a better estimation of extent and severity. A threshold of 67% was applied to the iso-surface images shown herein. In addition to the 67% threshold, which depicts areas of hypoperfusion, thresholds of 85 and 90% were also used to create iso-surface images that visualized the size and location of areas of hyperperfusion. The application of multiple thresholds allowed the visualization of hypo- and hyper-perfusion areas across the brain. The clarity, complementarity and user-friendliness of these displays enabled a reliable visual evaluation before and after treatment.




RESULTS


Patient I: CTK Treatment

A 62-year-old female presented at the clinic on the verge of suicide. The patient had worked as a nurse prior and following episodes of alcohol abuse. The patient had a history of multiple medication trials and polypharmacy, physical pain and prolonged family stressors (sickness and eventual death of husband) and intense grief. The patient was classified as treatment-non-responsive following multiple treatment failures, which were intended to address her suffering. The patient's formal diagnoses were treatment-resistant depression (TRD) as well as grief and the effects of prolonged polypharmacy.

Baseline brain SPECT images for Patient I, shown in the top line of Figure 1, indicated a marked and very extensive bilateral hypoperfusion involving all lobes at baseline, and most accentuated on the right side. The more extensive hypoperfusion were located in the lateral frontal, frontoparietal and superior parietal areas. There was marked hypoperfusion in the dorsal aspect of the anterior cingulate. In the subcortical area, there was slight bilateral striatum hyperperfusion and robust perfusion of the thalamus. The patient was then treated with a total of 30 CTK sessions. SPECT images were subsequently taken following 5 months of CTK treatment (58 sessions) and are displayed in the bottom line of Figure 1. These images indicated a markedly improved perfusion across all cortical and subcortical structures. These improvements corresponded with dramatic clinical improvement leading to major changes in her daily life: enthusiastic, rational, planning for future, taking charge of her financial and family situation and a renewed religious sentiment.
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FIGURE 1. Brain SPECT images from Patient I. Top line images relate to brain SPECT images at baseline. Bottom line images are taken following 5 months of CTK treatment. The six images on each row (from left to right) include four stereotactic surface projections of the left lateral (LLAT), vertex, underside and right lateral (RLAT), one iso-surface image of the vertex and one axial slice. Color-coded intensity indicates hyperfunctioning areas (blue hues) and hypofunctioning areas (white and black surrounded by white). Images are presented as described in the Methods.




Patient II: HBOT and PSE Treatments

A 34-year-old female presented with lifelong symptoms of regulatory disorder of childhood, two concussions, post-head injury epilepsy, and reflex sympathetic dystrophy (RSD). These ultimately led to marked suffering and extreme disability in activities of daily living. For almost 2 years the patient spent each day in a basement with dark glasses and protective hearing equipment due to intense photophobia and misophonia. Prior to visiting our clinic, the patient's medication history included over 30 types.

Baseline brain SPECT images for Patient II, shown in the top line of Figure 2, indicated extensive, diffuse bilateral hypoperfusion of the frontal (more accentuated on the left), temporal and orbitofrontal lobes and extended into the frontoparietal and parietal vertex areas. Additionally, there was bilateral hypoperfusion of the occipital lobes and hypoperfusion of the anterior cingulate in the dorsal aspect. The patient had robust perfusion of the thalamus and basal ganglia. There was also marked hyperperfusion in the cerebellar vermis.
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FIGURE 2. Brain SPECT images for Patient II. Top line relates to brain SPECT images at baseline, indicating extensive areas of hypofunctioning in all lobes. Middle line shows SPECT images post-HBOT treatment. Bottom line of SPECT images collected post-PSE treatment. In each row (from left to right) one temporal axial image, two orthogonal slices (sagittal and axial), one iso-surface image of the vertex and two stereotactic surface projections of the left lateral (LLAT) and underside.


HBOT was selected for patient II on account of multiple head injuries and a developmental history of a regulatory disorder. Following 40 HBOT treatments, brain SPECT images (Figure 2 middle line) indicated increased perfusion in most areas of the cortex and in some subcortical structures.

At a later stage, PSE injections were started as another line of intervention. PSE clinical injections were given at weekly intervals. Following 4 PSE injections, SPECT was performed and images shown in the bottom line of Figure 2 indicated major improvements (increased perfusion) in all lobes and subcortical areas. Specifically, the images showed increased perfusion in the orbito-frontal and apico-mesial temporal areas, bilaterally, and in the putamen bilaterally and in the mid thalamus. In addition, there was marked hyperperfusion in the mid posterior/inferior occipital area and, several areas of moderate cortical hyperperfusion in the lateral posterior aspect of both temporal lobes, as well as in the posterior cingulate/precuneus area. Significantly, these improvements were mirrored in the patient's cognition and ability to engage in daily acts of living.



Patient III: CTK Treatment

A 54-year-old male emergency-room (ER) nurse presented with childhood-onset Tourettes and a long history of alcohol abuse, severe depression, fatigue and sleep apnea.

Baseline brain SPECT images for Patient III, shown in the top line of Figures 3 and 4, indicated extensive bilateral hypoperfusion with this most accentuated in the left frontal lobe. Additionally, there was localized hypoperfusion in the occipital and frontal poles. On the right side, there were multiple localized and confluent areas of hypoperfusion that were more accentuated in part of the frontal lobe extending to the superior aspect of the parietal lobe including the vertex. Marked hypoperfusion was also evidenced in the right striatum and right ventral striatum, and the thalamus had an asymmetric appearance with localized areas of marked hypoperfusion in the posterior aspect. There was moderate hyperperfusion in the anterior and posterior cingulate.


[image: Figure 3]
FIGURE 3. Brain SPECT iso-surface images for Patient III. Top line relates to brain SPECT images at baseline. Middle line shows SPECT images 5 months after the first CTK treatment. Bottom line shows SPECT images 14 months following CTK treatment. In each row (from left to right) three iso-surface images of the left lateral (LLAT), vertex and right lateral (RLAT).



[image: Figure 4]
FIGURE 4. Brain SPECT stereotactic surface projections for Patient III. Top line relates to brain SPECT images at baseline. Middle line shows SPECT images 5 months after the first CTK treatment. Bottom line shows SPECT images 14 months following CTK treatment. In each row (from left to right) six stereotactic surface projections of LLAT, RLAT, Vertex, Underside, right mod sagittal, and left mid sagittal.


CTK treatment was selected and SPECT imaging was completed 5 months after the first CTK treatment (middle line of Figures 3 and 4). SPECT indicated several improvements, including in the area of severe frontal hypoperfusion at baseline. Subsequently the patient continued with medication, accepted continuous positive airway pressure (CPAP) treatment, and changed his lifestyle. Nonetheless, he was still unable to change his lifestyle completely at this stage. SPECT imaging completed 14 months later, as shown in the bottom line of Figures 3 and 4, indicated further significant improvements. There were extensive areas of relative increase in blood flow in the lateral aspect of the left hemisphere and bilateral vertex area, along with significantly improved perfusion in the orbitofrontal and apico-mesial temporal areas. Additionally, there was increased perfusion in the left striatum and in the cerebellum. These apparently minor improvements correlated with significant clinical improvements with the patient having resumed working (part-time job), had significantly changed lifestyle with a stable marriage.



Patient IV: CTK Treatment

A 55-year-old female presented with major depressive disorder (MDD), panic/agoraphobia, chronic back pain and frequent headaches. The neurological exam did not indicate focal neurological dysfunction of the central nervous system. Intermittently, she had been treated with varied pharmacologic interventions and psychotherapy for 24 years, before presenting to this clinic. During that time, the patient's symptoms did not respond to Wellbutrin, Lexapro, Abilify, Viibryd, Paxil, Nardil, Vicodin, nor conventional psychotherapy.

Baseline brain SPECT images of Patient IV, shown in the top line of Figure 5, indicated extensive bilateral hypoperfusion in the frontal lobes (most accentuated on the left side), including the dorsolateral prefrontal regions and in the parietal vertex bilaterally. Not discernible in the images provided is the hypoperfusion in both orbitofrontal areas and in the mesial aspect of the right temporal lobe. There was moderate hyperperfusion of the thalamus and marked hyperperfusion in the mid posterior, inferior aspect of the occipital lobes.
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FIGURE 5. Brain SPECT images for Patient IV. Top line relates to brain SPECT images at baseline. Bottom line shows SPECT images 14 months following 30 sessions of CTK treatment. In each row (from left to right) two stereotactic surface projections of the left lateral (LLAT) and vertex, one iso-surface image of the vertex, one sagittal slice and two axial slices.


The patient was treated with 30 CTK sessions and SPECT images shown in the bottom line of Figure 5 were taken 14 months thereafter. Patient IV also received small amounts of anti-panic medicine that was used judiciously. The SPECT images indicated major bilateral perfusion improvement in the frontal conexities, fronto-parietal and anterior cingulate areas as well as bilateral increase in the basal ganglia. Not discernible in the images provided is the significant improvement of the orbitofrontal areas. There was also significantly increased perfusion in the thalamus and bilaterally in the striatum. Following treatment, the patient reported markedly improved symptoms: major decrease of depression, anxiety and back pain and greatly increased levels of life satisfaction. At the two-year follow-up, the patient had been practically free of suffering.



Patient V: HBOT and PSE Treatment

A 77-year-old male presented with onset of dementia induced by general anesthesia with major cognitive, physical and emotional impairments. Immediately post knee-replacement surgery the patient began to show dramatic cognitive, physical, and emotional impairment as compared with his pre-surgical state; these symptoms were still present when the patient arrived at our clinic 4 years post-surgery. Diagnoses of dementia with major cognitive deficits and aphasia was established.

Baseline brain SPECT images of Patient V, shown in the top line of Figure 6, indicated extensive hemispheric hypoperfusion and multiple localized hypoperfusion in the left hemisphere. Involvement extended to parts of the dorsolateral prefrontal (DLPF) cortex. There was also significant hypo-perfusion in the temporal lobes (more pronounced on the left) and to a lesser extent in the orbitofrontal areas. To address these cognitive, physical, and emotional impairments, a treatment plan was prepared including a 40-session course of HBOT and PSE injections. After the first 10 HBOT treatments, the patient was administered 25 mg PSE injections approximately once weekly for 5 months.
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FIGURE 6. Brain SPECT images for Patient V. Top line relates to brain SPECT images at baseline. Bottom line shows SPECT images 5 months post-treatment with HBOT and PSE. Green arrows indicate areas of increased perfusion. In each row (from left to right) one axial slice and one temporal slice, three stereotactic surface projections of the right lateral (RLAT), left lateral (LLAT) and right sagittal and one iso-surface image of the underside.


At 5 months post-treatment with HBOT and PSE, SPECT images shown in the bottom line of Figure 6 showed an overall similar appearance to baseline. However, there were localized increases in perfusion, as marked by the green arrows, in parts of the anterior aspect of the prefrontal cortex (including in the ventro-mesial aspect), right superior parietal, right lateral occipital, superior aspect of the left fronto-parietal area, posterior cingulate-precuneus and apico-mesial aspect of the right temporal. In addition, there was a significant increase in the striatum bilaterally.

Despite the follow-up SPECT remaining abnormal, the improved perfusion in small areas, specifically the mesial temporal lobe, prefrontal cortex, ventro-mesial frontal, posterior cingulate, precuneus and dorsal parietal are known to be key in contributing to memory, cognition and behavior. Indeed, initiating after the first PSE injection, the patient began showing progressive clinical improvements in cognitive and physical function. A follow-up visit 16 months after the end of treatment showed that the same level of clinical improvement had been maintained.



Patient VI: CTK Treatment

A 43-year-old male presented with bipolar II, lifelong symptoms of depression, anxiety, impulsive behavior and family stressors. Specifically, the patient reported struggling with intense depressed mood, substantial life stress, including a divorce in progress, and the inability to hold a job due to the impairment and distress associated with his symptoms. He had received psychopharmacological and psychotherapeutic treatment for the previous 6 years, but without improvement.

Baseline brain SPECT images of Patient VI, shown in the top line of Figure 7, indicated hypoperfusion in multiple hemispheric areas, most pronounced in the frontal lobes, anterior cingulate, orbitofrontal and apico-mesial areas of the temporal lobes. Hyperperfusion was indicated in the right putamen and in parts of the posterior cingulate and right cerebellum and vermis. This combination of hypoperfused areas is commonly associated with dysfunctions related to memory, executive function, social interaction and impulse control and the hyperperfused areas are often associated with anxiety and depression (58, 59). Based on the initial assessment, CTK treatment was selected, and the patient received a total of 24 sessions over 5 months.
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FIGURE 7. Brain SPECT images for Patient VI. Top line relates to brain SPECT images at baseline. Bottom line shows SPECT images 5.5 months following 24 sessions of CTK treatment. In each row (from left to right) one temporal slice, one sagittal slice and one axial slice and three stereotactic surface projections of the underside, right lateral (RLAT) and left lateral (LLAT).


SPECT was performed 5½ months after the first CTK treatment and images are displayed in the bottom line of Figure 6. Images indicated significantly improved relative perfusion in almost all previously under-perfused areas. Previously hyperperfused areas were either unchanged or increasingly hyperperfused. The patient also reported substantial improvements in symptoms related to functioning and psychometric assessments showed substantial decreases in symptoms related to both depression and mania.

To further display the utility of SPECT as an evaluative biomarker, Figure 8 displays iso-surface images clearly indicating the increased perfusion following CTK treatment in almost all previously hypoperfused areas.
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FIGURE 8. Iso-surface SPECT images for Patient VI. Top line relates to brain SPECT images at baseline and bottom line are brain SPECT images 14 months after CTK treatment began. In each row (from left to right) are iso-surface images of the anterior, posterior left lateral (LLAT), vertex, underside and right lateral (RLAT).





DISCUSSION

This article describes a novel display technique for SPECT images and provides readers with six case study examples that demonstrate how brain SPECT imaging can be used, both as a complementary diagnostic tool, and as a potential biomarker for monitoring and evaluating novel treatments for patients with complex neuropsychiatric conditions. Developing and applying clinical tools, such as SPECT imaging, can provide the clinician with complementary insights into the underlying neurobiology to standard clinical assessments. However, as SPECT imaging continues to be underutilized in clinical practice, more practical evidence, guidance and studies such as this one are required to demonstrate how SPECT can be utilized to evaluate the patient and to inform the clinician.

In this retrospective review, six patients presented with complex neuropsychiatric conditions and comorbidities following extensive unsuccessful periods of different treatments. While experienced psychiatrists may be able to diagnose patients with neuropsychiatric conditions based on behavioral criteria, functional brain imaging tools can inform the clinician of their underlying neurobiology. Additionally, the examination of different functional areas of the brain using SPECT imaging may provide insights into the patients' status that may not identifiable during clinical assessment. Particularly, in cases of diagnostic dilemma, such as those presented herein, SPECT images were used to identify areas of hypo- and hyper-perfusion to complement the initial clinical assessment. In the cases presented herein, the improved perfusion identified in the post-treatment SPECT images, whether extensive or localized, were mirrored by particular clinical improvements. Therefore, it is fundamental for the clinician to understand how clinical improvements manifest in the patients' underlying neurobiology. This case series effectively demonstrates the importance for the clinician to combine clinical assessments evaluating presenting behaviors and symptoms, with the underlying neurobiology attainable using SPECT imaging. Furthermore, building a database that correlates SPECT images with clinical assessments has the potential to develop more targeted treatments and to establish effective biomarkers.

In these complex cases, high-quality SPECT images provided valuable insights into the underlying neurobiological status of patients allowing the clinician to narrow the differential diagnosis. A high-quality brain SPECT will provide detailed information about the location, magnitude, and extent of areas of hyper- and/or hypoperfusion(s). The clinical efficacy of brain SPECT for the monitoring of patients with multiple co-morbidities and treatment-resistant conditions, is greatly enhanced by a standardized, comprehensive display of the results. This includes a user-friendly, color, multi-parametric set of 2D and 3D images. Consistency is also critically important, not only in the execution of the procedure itself but also in the processing and display of the images. Whilst quantification of SPECT images may facilitate readers with limited experience to interpret SPECT scans and aid in the identification of trends (60, 61), it is imperative to also recognize any limitations of such quantitative analysis of imaging techniques, particularly within clinical practice and during the assessment of individual cases (8). The visual assessment of SPECT images pertaining to individual cases remains a foundational skill within clinical practice, the accuracy and reliability of which relies on the optimization of the presentation of images using effective display tools and techniques. In the clinical cases presented, we have demonstrated that the optimization of images using a novel set of display tools facilitated the visual interpretation of SPECT imaging data by expert clinicians, without the need for quantification or statistical analysis. A more detailed description of this display will be published shortly (62).

In the absence of a qualified biomarker (27, 55), this study evaluates SPECT as an imaging biomarker based on the US Food and Drug Administration (FDA) monitoring biomarker definition (56). A monitoring biomarker is defined as “a biomarker measured repeatedly for assessing status of a disease or medical condition or for evidence of exposure to (or effect of) a medical product or an environmental agent” (56). In this review, the monitoring biomarker corresponds to the increase in brain perfusion detected with optimized displays of SPECT images before and after treatment. Following treatment, all patients demonstrated improvements measured via periodic clinical evaluations and in some cases neuropsychological testing and detailed observations from family members. These clinical improvements were also apparent from the increased perfusion evident in the brain SPECT images collected post-treatment compared with those collected at baseline. Whilst clinical improvements following treatment may be discernible during standard clinical assessment, SPECT was used as a monitoring biomarker to indicate the underlying neurobiological response of each individual to the treatment intervention. In this case series, SPECT images indicated the specific areas of improved brain perfusion that resulted following treatment and provided additional context to the clinical improvements identified. Therefore, the SPECT images provided insights into the functioning status of the patient in addition to monitoring symptoms during clinical assessment. These follow-up scans thereby informed how these novel treatments affected the underlying neurobiology of each individual and how perfusion improvements in specific areas correlated to clinical improvements.

The application of SPECT imaging as a monitoring biomarker also further contributes to the understanding and the growing literature that describes the clinical utility of these novel treatments for patients with neuropsychiatric conditions. In this case series, intervention with novel treatments of CTK or HBOT and PSE resulted in marked improvements in relative perfusion in previously hypoperfused areas, which correlated to the clinical improvements noted for each patient. These cases thereby provide further evidence of the clinical utility of these novel treatments for patients with complex neuropsychiatric conditions.

Despite the growing, evidence-based foundation for the application of SPECT in numerous indications relevant to psychiatric practice, there is a need for clinicians to utilize this powerful tool and contribute to our understanding of the neurobiology relating to different neuropsychiatric conditions and comorbidities. Greater biological understanding will result in the identification of meaningful biomarkers for diagnosis, prognosis or risk and can further aid the clinician in their evaluation of a patient before and after treatments. There is a particular value in sharing methodologies and results regarding the implementation of SPECT in routine practice in clinical settings. This retrospective review demonstrated that brain SPECT imaging could represent a potential imaging biomarker since syndrome status was correlated with changes in the perfusion pattern detected. Given the display modalities used, the relative perfusion assessment with SPECT imaging before and after treatment has acted as a monitoring biomarker that indicated the therapeutic benefit of the novel types of treatments used in this case-series. Furthermore, SPECT images have provided additional information that explains the functional changes that gave rise to the observed clinical improvements. This understanding of the topographic functional status is important if we are to further progress to personalized targeted treatments and the development of effective biomarkers.

This article has some limitations. First, these cases represent assessments carried out during routine clinical practice and not as part of a pre-planned study, therefore there is a small number of cases presented without a normalized reference cohort and physicians were not blinded to the clinical context, however this does reflect a practical clinical routine.

Overall, this collection of these case studies further substantiates the clinical relevance of brain SPECT imaging in psychiatry and neuropsychiatry. This review demonstrates that SPECT imaging can be a valuable tool in cases of diagnostic dilemma and can complement standard assessment techniques and diagnostic tools. In our study, six patients with complex neuropsychiatric conditions and comorbidities were successfully treated, which contributes to the growing literature indicating the clinical utility of the novel therapies of CTK and HBOT with PSE (33, 47). The positive outcomes for these patients were facilitated by the detailed initial evaluation of patients that included baseline SPECT imaging that complemented the standard clinical assessment. The repetitious clinical approach, the novel display technique and positive treatment outcomes in these six cases has also demonstrated how image optimization and visual analysis of SPECT images can be utilized during clinical assessments of individual cases. Finally, we demonstrated how SPECT images recorded before and after treatment provided valuable insights into the improved neurobiological status of these patients in response to intervention. Therefore, we argue that perfusion assessed with SPECT images before and after treatment can be used as an imaging biomarker for monitoring, evaluating and explaining clinical change.
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In the community, there is a need to more objectively evaluate the response of common chronic psychiatric disorders to treatment. Brain single photon emission computed tomography (SPECT) indirectly measures cerebral functional activity by uptake of a radiotracer, which follows regional cerebral blood flow. Brain 3D Thresholded SPECT scans are thresholded three dimensional images derived from brain SPECT data. A retrospective community study of longitudinal (before and after treatment) brain 3D Thresholded SPECT scans of 73 patients with all-cause psychiatric disorders (most frequent diagnostic clusters: attention-deficit hyperactivity disorder, post-mild traumatic brain injury, affective disorders, psychotic disorders, post-viral chronic syndromes), shows these baseline SPECT scans predict improvement (non-worsening to large improvement) in clinical functioning with a sensitivity of 94% (95% confidence interval 86–98%) and a specificity of 67% (95% confidence interval 21–94%). In contrast, contemporaneous analysis by the same radiologist of conventional 2D reading of the same before and after treatment brain SPECT scan data of the same 73 patients, predicted improvement (non-worsening to large improvement) in clinical functioning with a sensitivity of only 26% (95% confidence interval 17–37%) although with a specificity of 100% (95% confidence interval 44–100%). These data suggest 3D Thresholded SPECT scans can provide the clinician with a more objective measure for verifying improvement in psychiatric disorders seen in the community, consistent with prior studies of SPECT as a measure of neurobiological change. Furthermore, these data suggest 3D Thresholded SPECT scans may have clinical application in guiding treatment and potentially improving outcomes.

Keywords: neuroimaging, SPECT, biomarker, traumatic brain injury, attention-deficit hyperactivity disorder, post-viral syndrome, community psychiatry


INTRODUCTION

There is a need in community-based psychiatric practice to more accurately evaluate the response of common chronic psychiatric disorders to treatment. While the clinical exam, as well as various functional questionnaires, can and should continue to be used in the evaluation of a patient’s progress, more objective tests are needed to directly evaluate the patient in an objective manner. At the time of this writing, there is still a paucity of clinically available and useful biomarkers in the field of psychiatry (1). Regardless of diagnosis and independent of the Diagnostic and Statistical Manual (DSM)-IV, DSM-IV-TR, or DSM-V criteria, symptoms such as pain, apprehension, distress, inflexibility, and/or cognitive clarity are important markers of treatment progress which remain largely subjective. The lack of psychiatric biomarkers impedes the clinician’s ability to deliver the best personalized care.

Perfusion single photon emission computed tomography (SPECT) brain scans can measure aspects of brain function. The amount of radiotracer uptake in a brain region is proportional to the blood flow within gray matter over the physiological range. Since local cerebral blood flow is proportional to neurophysiological function, perfusion SPECT provides a one-off measure of brain function (2–4). Further computer processing of the SPECT data can result in a three-dimensional looking image of the brain (termed a brain 3D Thresholded SPECT scan) which provides more clinically relevant information than a two-dimensional tomogram (5).

Brain SPECT perfusion scans are emerging as potential biomarkers for identifying and separating comorbid conditions. For example, perfusion SPECT scans were able to differentiate traumatic brain injury (TBI) and post-traumatic stress disorder (PTSD) with a sensitivity of 92% and a specificity of 85% in a study of 196 veterans (6). Furthermore, these results were replicated in a civilian sample of over 24,000 individuals (7). In a recent study (8) SPECT perfusion scans could differentiate adults with attention-deficit hyperactivity disorder (ADHD) from normal controls with a sensitivity of 100% and a specificity of 97% in a study of over 1,000 individuals using regions of interest analysis of 3D Thresholded scan data. We (HS, JT, MM, and MvL) previously showed that 3D Thresholded SPECT scan analysis yielded greater sensitivity in detecting ADHD compared to conventional 2-D tomographic interpretation in a large retrospective analysis of 427 patients (5). Recently published procedure guidelines by Cohen et al. (9) reviews indications and applications for brain SPECT scans in a range of neuropsychiatric and psychiatric disorders. Pavel et al. (10) recently published an encyclopedic review of the SPECT findings associated with TBI, stroke, PTSD, dementia, and several neuropsychiatric conditions.

Perfusion SPECT has shown promise as a biomarker of previously subjective symptoms. SPECT was recently shown to provide an objective measure of pain in burn patients (11). SPECT also demonstrated specific findings in PTSD distinct from a trauma-exposed cohort (12). Perfusion SPECT has also been shown to provide objective evidence of neurophysiological changes in response to specific treatments, such as multi-watt infrared laser therapy for TBI (13), stem cell therapy for Lyme disease (14), and combined ketamine-transcranial magnetic stimulation (15). Studies have suggested SPECT scan data may improve clinical outcome by guiding treatment choices more quickly to successful strategies (4, 16–18). However, there has not been a study of perfusion SPECT scans as an objective measure of change in the broad spectrum of psychiatric disorders encountered in a community psychiatry practice.

Given the potential of brain SPECT perfusion scans to reveal comorbidities and to objectively indicate improvement in neuropsychiatric functioning, we have implemented the use of such scans in a community psychiatric practice from 2005 to 2019 to provide an additional measure of patients’ clinical improvement, predominately in complex or treatment-unresponsive cases. In this paper we present a naturalistic retrospective study in which we compare the changes in the patients’ 3D Thresholded SPECT scans with the improvements as assessed by conventional clinical observation and interview.



MATERIALS AND METHODS

3D Thresholded SPECT brain scans were offered to patients in the community psychiatric practice of one of the authors (JT) when a patient had refractory symptoms that had not responded to conventional treatments at least 6 months after the development of the mental health disorder. Otherwise, no other selection criteria were used. Where 3D Thresholded SPECT scans were initially offered, almost all patients (greater than 95%) accepted them. Risks, such as radiation exposure and the complex nature of the results, were explained to all patients offered scans and informed consent was obtained. All scans of these patients were processed to provide both 3D Thresholded SPECT scan displays and conventional SPECT scan tomographic images from the same raw SPECT data.

A total of 436 patients accepted 3D Thresholded SPECT scans before treatment. These patients were all offered a second scan after a period of treatment, again with informed consent, this time concerning a second scan. 73 of these patients accepted and underwent valid 3D Thresholded SPECT scans on average 450 days after (or during) a treatment. We herein present these 73 patients who received 3D Thresholded SPECT scans before and after (or during) a period of treatment.

Perfusion SPECT scans were performed at one of two tertiary care hospitals in Toronto, Ontario. The scanning procedures followed the guidelines of the Society of Nuclear Medicine (19). An intravenous dosage of 10–20 millicuries of Tc99m-hexamethylpropylene-amine oxime (HMPAO) (n = 53) or Tc99m-ethyl cysteinate dimer (ECD) (n = 19) was given. The patient then waited 30–60 min, and then the patient’s head was imaged by gamma photon cameras. Both Tc99m-HMPAO and Tc99m-ECD radiotracers are taken up similarly by the brain, although they have small differences in retention and imaging activity (20). Whether a patient received Tc99m-HMPAO or Tc99m-ECD was independent of clinical diagnosis or other patient factors and depended on supply issues. In all cases except for one, a patient received the same type of radiotracer for the first and second SPECT scans.

All patients were scanned with a Picker Prism 3000 three-headed camera with continuous acquisition of a 128 × 128 pixel image via 120 steps (3 degrees/step) using fan beam collimation. A cloud of data pixels was obtained which represented the photons registered from the patient’s brain. The cloud of data pixels was corrected for attenuation and filtered. The cloud of processed pixels was then sliced into orthogonal tomographic planes to produce what Schneider et al. (5) define as the “conventional SPECT” scan. As well, the cloud of pixels was also thresholded at various levels, i.e., only areas of activity exceeding a particular level of activity of the most active area of the patient’s brain were displayed. For example, for surface views of the brain in the 3D Thresholded SPECT scans the pixels were thresholded at 55%, i.e., only pixels representing activity exceeding 55% of the most active areas of the brain were displayed. Within the interior of the brain, pixels were thresholded at levels representing activity exceeding 55, 85, and 92% of the most active areas of the brain. These thresholds reflect the work of Mena et al. (21), Darcourt et al. (22), and Payne et al. (23), and have been used by Amen (24) in tens of thousands of SPECT scans. Additional details concerning the scanning and thresholding process is given by Thornton et al. (25). These thresholded pixels are then rendered into a 3D form to produce what Schneider et al. (5) define as the “3D Thresholded SPECT” scan. Figure 1 shows a conventional set of SPECT tomograms, along with an inferior view and a wire-frame view of the interior of the 3D Thresholded SPECT scan of a patient before and after treatment. Figure 2 shows before and after treatment 3D Thresholded SPECT scans of additional patients.
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FIGURE 1. Conventional (A,B) and 3D thresholded (C–F) displays of pre-treatment (A,C,D), and post-treatment (B,E,F) SPECT scan results for one representative patient. A 49 year old male with symptoms of ADHD and mood dysregulation underwent a SPECT scan. Both conventional (A) and 3-D thresholded SPECT displays (C,D) prior to treatment show diffuse cortical hypoperfusion most severe in the bilateral temporal lobes and the orbitofrontal cortices, as well as over-activity of the thalamus [red arrow in panel (D)]. Post-treatment scans (B,E,F) show improved temporal, dorsal frontal, and parietal lobe perfusion, normalization of thalamic perfusion, and a reduction of hypoperfusion in the orbitofrontal cortices.
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FIGURE 2. 3D thresholded displays: 56-year-old female with Lyme disease pre-treatment (A,B) and post-treatment (C,D) clinically improved. 33-year-old male with mood dysregulation and ADHD pre-treatment (E,F) and post-treatment (G,H). There was clinical improvement with a mood stabilizer. However, due to the prefrontal hypoperfusion (G) a stimulant was added resulting in further improvement. 26-year-old female with mTBI pre-treatment (I,J) and post-treatment (K,L) clinically improved.


The 3D Thresholded SPECT scans and the conventional SPECT scans from each patient were interpreted by a nuclear medicine radiologist with limited clinical information provided. To reduce confounding, all the radiologists agreed to read the scan based on what was seen in the image, rather than extrapolating from any clinical diagnoses. Some clinical information is required in all requests for imaging services in the community. Typically, the requisition form stated the patient’s age, sex, occupation, the working diagnosis, and in some cases the patient’s clinical progress. However, to reduce confounding and get the most objective comparison of before and after SPECT scans, the patient’s progress was not emphasized. Again, as noted above, the radiologists reading the SPECT scans attempted to do so based on the imaging findings. The same radiologist would read a patient’s 3D Thresholded SPECT images, and then read the Conventional SPECT images. There were four different radiologists who read different patients’ images, but only one radiologist read any one particular patient’s images, (i.e., there is no comparison possible between two different radiologists for one patient’s images).

The radiologists systematically commented on the 3D Thresholded SPECT scans (i.e., providing their opinion about whether the patient’s scan was worsening or improving). In reading the conventional SPECT scans, the radiologists provided a conventional report focused on any abnormalities in different neuroanatomical areas. The brain SPECT atlas compiled by Amen (24) was used as the reference source for normal versus abnormal SPECT images.

The one treating clinician independently considered whether each patient’s clinical condition was worsening or improving as specified by the clinical notes prepared based on conventional clinical observation and patient interview. From this information, we then compared the direction of the patient’s clinical condition, with the results of both the conventional and the 3D Thresholded SPECT scans to determine if the scan results represented a True Positive, False Negative, False Positive, or True Negative, for that patient. An improved or stable (i.e., non-worsening) clinical state with an improved or stable post-treatment SPECT scan compared to pre-treatment SPECT scan, would be a True positive. A worsened clinical state with a worsening in post-treatment SPECT scan compared to pre-treatment SPECT scan, would be a True Negative. An improved or stable (i.e., non-worsening) clinical state with a worsening in post-treatment SPECT scan compared to pre-treatment SPECT scan, would be a False Negative. A worsened clinical state with an improved or stable post-treatment SPECT scan compared to pre-treatment SPECT scan, would be a False Positive.

The True Positive, False Negative, False Positive, and True Negative values for the 73 patients’ 3D Thresholded SPECT scans and the 73 patients’ conventional SPECT scans were then used, by standard statistical methods, to calculate the sensitivity and the specificity for the 3D Thresholded SPECT scans and for the conventional SPECT scans. Software obtained from the Knowledge Translation Program (26) was used for statistical calculations.



RESULTS


Study Patient Population

As noted above, 73 patients received 3D Thresholded brain SPECT scans and conventional brain SPECT scans (both created from the same raw scanning data) before and after (or during) a period of treatment. The average age of patients was 49.6 years old with a standard deviation of 11.8 years. 60.3% of the patients were female. All patients were being treated by the same clinician (JT) at the time of both SPECT scans.

The average duration before and after scans, was 450 days. The DSM-5 diagnoses (27) or DSM-5-related diagnostic clusters of the patients are listed in Table 1. Many patients from early in the time period examined had DSM-IV or DSM-IV-TR diagnoses which were converted to equivalent DSM-5 or DSM-5-related diagnoses in Table 1.


TABLE 1. Patient diagnoses.
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Sensitivities and Specificities of 3D Thresholded SPECT Neuroimaging

Both pieces of data, i.e., the change in the 3D Thresholded SPECT scans and the change in the clinical functioning of the patient, are qualitative clinical interpretations, and thus at risk from bias for various reasons. However, a strong attempt was made by the radiologists to be consistent in 3D Thresholded SPECT reporting to a large extent independent of other factors. As noted above, the radiologists systematically commented on the 3D Thresholded SPECT scans, i.e., providing their opinion about whether the patient’s scan was worsening or improving, following the interpretations according to the brain SPECT atlas compiled by Amen (24).

The sensitivity, specificity, and positive predictive value for 3D Thresholded SPECT and conventional SPECT results are shown in Table 2. Analysis of before and after treatment brain 3D Thresholded SPECT scans of 73 patients with all-cause psychiatric disorders, shows that they predict improvement (i.e., non-worsening to large improvement) in clinical functioning with a sensitivity of 94.3% (95% confidence interval 86-98%) and a specificity of 66.7% (95% confidence interval 21–94%).


TABLE 2. Sensitivities, specificities and positive predictive values for conventional (“2D”) brain SPECT and 3D thresholded brain SPECT images in predicting improvement in psychiatric disorders.
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Table 2 also shows the sensitivities, specificities, and positive predictive values for 3D Thresholded SPECT scans (and as well for the conventional (“2D”) SPECT scans) in predicting improvement in the groups of patients with psychiatric disorders that occurred more commonly in this study. This is discussed in more detail below.

As noted above, due to supply issues out of the control of the clinician, 27% of the patients received Tc99m-ethyl cysteinate dimer (ECD) as the radiotracer, while the other 73% received Tc99m-HMPAO. Both Tc99m-HMPAO and Tc99m-ECD radiotracers are taken up similarly by the brain, although they have small differences in retention and imaging activity (20). For patients receiving ECD (n = 19), the before and after 3D Thresholded SPECT scans predicted improvements with a sensitivity of 88% (95% confidence interval 64–97%) and a specificity of 67% (95% confidence interval 21–94%). For patients receiving HMPAO (n = 53), the before and after 3D Thresholded SPECT scans predicted improvements with a sensitivity of 96% (95% confidence interval 87–99%). The specificity in this latter group is not computable as there are no false positives or true negatives in this sample.



Sensitivities and Specificities of Conventional SPECT Neuroimaging

As mentioned above, for each patient the raw brain SPECT data were used to generate conventional SPECT images as well as the 3D Thresholded SPECT images. A retrospective analysis of the before and the after treatment, conventional (“2D”) brain SPECT images of the same 73 patients with all-cause psychiatric disorders, shows that they predict improvement in clinical functioning with a sensitivity of 25.7% (95% confidence interval 17–37%) and a specificity of 100% (albeit with a 95% confidence interval 44–100%). As noted above, due to the lack of full reporting by the nuclear radiologists on the conventional SPECT scans, the results are not directly comparable, although the magnitude of the values give a qualitative idea of the differences in the results of the methodologies. These values are in keeping with the low sensitivity rates found in the conventional brain SPECT scans by Schneider et al. (5) compared to the 3D Thresholded brain SPECT scans.



Inter-Rater Reliability of Radiologists

As noted above, there were four different nuclear medicine radiologists who read different patients’ images, but only one radiologist read one patient’s images, i.e., there is no comparison possible between two different radiologists for any one particular patient’s images. However, as a rough estimate, if the patients with the largest common diagnosis in the study, which was ADHD, are examined, it is possible to see the sensitivities and specificities arrived at with different radiologists. There were three different radiologists who read the scans for patients with a diagnosis of ADHD. In Table 3 it can be seen for the two radiologists who read the vast majority of the SPECT scans of patients in this sample with ADHD, both radiologists’ scans were associated with similar sensitivities for the 3D Thresholded SPECT brain scan. Some of the specificities were not computable in Table 3 due to the true negatives and false positives both being zero in these small sample sizes.


TABLE 3. Sensitivities and specificities for conventional (“2D”) brain SPECT and 3D thresholded brain SPECT scans in predicting improvement in patients with a diagnosis of ADHD associated with different nuclear medicine radiologists reading the scans.
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Applicability of the 3D Thresholded SPECT Scan Results to All-Cause Psychiatric Disorders

As can be seen from Table 1, the most frequent diagnoses or diagnostic clusters in this study were patients with ADHD, post-mild TBI (post-mTBI), affective disorders, psychotic disorders, post-viral chronic syndromes, and a group with “other neurological” diagnoses. Table 2 shows the sensitivities, specificities, and positive predictive values for both conventional (“2D”) brain SPECT images and 3D Thresholded SPECT images in predicting improvement in the groups of patients with these psychiatric disorders. Note that these do not necessarily represent the most common diagnoses in this clinician’s practice; rather, these diagnoses were found among the complex or treatment-unresponsive cases.




DISCUSSION

The need exists in the community for psychiatric practitioners to be able to more objectively evaluate the response to treatment of patients with chronic psychiatric disorders. The implementation of longitudinal brain SPECT imaging in a community psychiatric practice is shown here to assist with such clinical evaluations. In considering 73 patients who received before and after treatment brain SPECT with 3D images, the SPECT scans predicted clinical improvement (non-worsening to large improvement) with a sensitivity of 94% (95% confidence interval 86–98%) and a specificity of 67% (95% confidence interval 21–94%). Thus, 3D thresholded brain SPECT imaging can assist the community psychiatric practitioner in the management of patients.

The more conventional 2D brain SPECT images from the same patients unfortunately predicted clinical improvement (non-worsening to large improvement) with a sensitivity of only 26% (95% confidence interval 17–37%). Thus, the data from this community study would indicate that the more conventional 2D brain SPECT imaging is less useful in assisting the community psychiatric practitioner in the management of patients. Other types of neuroimaging would also be expected to be less useful to the community psychiatric practitioner. For example, Raji et al. (28) review the literature to compare SPECT neuroimaging with other forms of neuroimaging in the setting of TBI. In this setting, conventional brain SPECT, as poor as it performed in our study above, was found to have significant advantages compared to computerized tomography (CT) or MRI in the detection of acute and chronic TBI, especially in mild TBI.

Although the sensitivity of the conventional 2D brain SPECT is poor at 26% (95% confidence interval 17–37%) its specificity was 100% (albeit with a 95% confidence interval 44–100%). If the confidence limits of the specificity are disregarded for a moment, the higher specificity of the conventional 2D brain SPECT is expected as changes in the brain images are more apparent on 3D images rather than on 2D images, and so, there will be fewer false positives read in the 2D conventional group (i.e., small changes will not appear significant as they may in a 3D thresholded image and will almost always be read as negative in the 2D image). In fact, in the 73 patients considered in this study, there were no false positives at all in the 2D brain SPECT results. Indeed, the specificity of the 3D thresholded brain SPECT was found to be lower at 67% (95% confidence interval 21–94%). On the other hand, the sensitivity of the 3D thresholded brain SPECT was found to be much higher at 94% (95% confidence interval 86–98%) again reflecting the ability to detect changes easier in the 3D thresholded brain SPECT scan.

From the perspective of the community psychiatric practitioner there is the question of whether a potential objective test such as brain SPECT imaging is applicable to only one particular diagnosis, [e.g. TBI, see (28)], or whether it can be useful in a community practice consisting of patients with a variety of psychiatric disorders. Even with regard to applying SPECT scanning to a particular diagnosis, Henderson and colleagues (29, 30), note that psychiatric diagnoses as defined by the Diagnostic and Statistical Manual 5 (DSM-5) of the American Psychiatric Association (APA) lack distinct boundaries from other diagnoses, as well as covering multiple combinations of disparate symptoms within the confines of a single diagnosis. Thus, it becomes difficult to identify a pure cohort of subjects with a common set of symptoms fitting a single distinct DSM-5 diagnosis in order to test a potential biomarker for sensitivity and specificity. As is shown in Table 1, the 73 patients studied in the community practice represented a variety of psychiatric diagnoses or diagnostic clusters. The most frequent diagnoses or diagnostic clusters in this study were patients with ADHD, post-mild TBI (post-mTBI), affective disorders, psychotic disorders, post-viral chronic syndromes and a group with “other neurological” diagnoses that were referred to psychiatry. Table 2 shows the sensitivities, specificities, and positive predictive values for 3D Thresholded SPECT scans in predicting improvement in the groups of patients with these psychiatric disorders. Additional research is required in order to evaluate the utility of 3D Thresholded SPECT scans in the large variety of patients the community psychiatric practitioner can encounter, but the results in Table 2 indicate that it would seem by logical induction reasonable to consider that 3D Thresholded SPECT scans would yield useful results in the real-world diverse cases that present to the community psychiatric practice.
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Brain perfusion single photon emission computed tomography (SPECT) scans were initially developed in 1970's. A key radiopharmaceutical, hexamethylpropyleneamine oxime (HMPAO), was originally approved in 1988, but was unstable. As a result, the quality of SPECT images varied greatly based on technique until 1993, when a method of stabilizing HMPAO was developed. In addition, most SPECT perfusion studies pre-1996 were performed on single-head gamma cameras. 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. Although the TTASAAN report was published in January 1996, it was approved for publication in October 1994. Consequently, the reported brain SPECT studies relied upon to derive the conclusions of the TTASAAN report largely pre-date the introduction of stabilized HMPAO. While only 12% of the studies on traumatic brain injury (TBI) in the TTASAAN report utilized stable tracers and multi-head cameras, 69 subsequent studies with more than 23,000 subjects describe the utility of perfusion SPECT scans in the evaluation of TBI. Similarly, dementia SPECT imaging has improved. Modern SPECT utilizing multi-headed gamma cameras and quantitative analysis has a sensitivity of 86% and a specificity of 89% for the diagnosis of mild to moderate Alzheimer's disease—comparable to fluorodeoxyglucose positron emission tomography. Advances also have occurred in seizure neuroimaging. Lastly, developments in SPECT imaging of neurotoxicity and neuropsychiatric disorders have been striking. At the 25-year anniversary of the publication of the TTASAAN report, it is time to re-examine the utility of perfusion SPECT brain imaging. Herein, we review studies cited by the TTASAAN report vs. current brain SPECT imaging research literature for the major indications addressed in the report, as well as for emerging indications. In Part II, we elaborate technical aspects of SPECT neuroimaging and discuss scan interpretation for the clinician.

Keywords: dementia, traumatic brain injury, seizure, neurotoxicity, depression, bipolar disorder, ADHD, PTSD-posttraumatic stress disorder


INTRODUCTION

In 1996, the Therapeutics and Technology Assessment Subcommittee of the American Academy of Neurology (TTASAAN) issued a report regarding the use of single photon emission computed tomography (SPECT) in functional brain imaging (1). Although the TTASAAN report was published in January 1996, it was completed and approved for publication in October of 1994. Consequently, the referenced brain SPECT studies relied upon to derive the conclusions of the TTASAAN report predominately pre-dated the introduction of stabilized radiopharmaceuticals in 1993. In fact, of the 97 references in the TTASAAN report, only 12 are from 1993 or later. Furthermore, the early gamma cameras used for SPECT neuroimaging were single-headed cameras with limited resolution. Thus, the conclusions provided in the TTASAAN report were premature.

In the 25 years since the TTASAAN report, the American Academy of Neurology (AAN) has never deemed to re-examine their premature position on the use of brain perfusion SPECT in the evaluation of traumatic brain injury (TBI), stroke, seizure disorders, dementia, and neuropsychiatric conditions. Despite extensive advances in technology, software, and technique, as well as, for example, the publication of over 120 research studies and articles and published data from over 23,000 subjects on the use of SPECT just in the evaluation of TBI, the AAN has largely taken an overcautious, and sometimes dismissive, position toward the use of SPECT scans. In contrast, the European Association of Nuclear Medicine (EANM) (2) has deemed that brain perfusion SPECT scans are appropriate for the evaluation of TBI and that SPECT scans have predictive value in the clinical outcome of TBI (2). Moreover, the Canadian Association of Nuclear Medicine recently has issued guidelines on the use of SPECT imaging in the evaluation of TBI, stroke, dementia, neurotoxicity, and psychiatric conditions (3).

Curiously, the authors of the TTASAAN report made it clear that this report was neither a position paper nor a solidified assessment of SPECT. The authors unambiguously articulated that the assessment was to be revised as the field advanced. Quoting from the opening paragraph of the TTASAAN report (1):

“This paper, provided to the Academy membership as an educational tool, will be subjected to periodic revision as new information becomes available.”

The periodic revision has never occurred. In many ways, this is the equivalent of assessing Xray computed tomography (CT) in its infancy and then never re-assessing its merit thereafter. The first CT scanner became commercially available in 1972. CT neuroimaging was met with skepticism among neurologists (4). CT neuroimaging was deemed, “a passing fancy.” The American Neurological Association published a report in 1975 stating the new method of imaging the nervous system would greatly reduce the need for neurologists. Numerous articles in the late 1970's criticized CT neuroimaging for its failure to accurately detect brain pathology (5–8) during the early years of its clinical use. In 1975, a commission of the AAN reported

“A CT scan can give a more accurate localization in far less time than a neurologist. Ultrasound of the carotid arteries can localize and indicate the degree of stenosis more accurately than a clinician with a stethoscope. The portent for the future is that neurologists who rely exclusively on their wits and their pins and hammers, unaware the machine age has finally come to neurology, may become obsolete” (9).

Despite the initial skepticism and concern that CT neuroimaging would replace the need for neurologists, the use of CT scanning expanded exponentially. CT neuroimaging is now a cornerstone of neurological evaluations, particularly in the acute setting. Nonetheless, as will be elaborated below, CT is very limited in what it can reveal about brain function.

In the same 25-year period, functional magnetic resonance imaging (fMRI) has undergone explosive growth. Hundreds of millions of dollars in research funding in the United States have been poured into fMRI studies. According to PubMed, over 40,000 research articles have been published. Despite the massive investment of time and effort, fMRI has yet to provide a clinically useful diagnostic tool for assessing brain function in individual cases. Indeed, the American Psychiatric Association recently issued a position paper (10) stating

“(fMRI) neuroimaging has yet to have a significant impact on the diagnosis or treatment of individual patients in clinical settings.”

Moreover, a recent analysis of post-processing statistical validity revealed that a potentially staggering 70% of fMRI studies had false positive results (11), which could mean much of the fMRI research findings are invalid. The AAN has seemingly scrupulously ignored this serious caveat to the application of fMRI in research or clinical practice (12).

Similarly, extensive funding and effort has been invested in diffusion tensor imaging. However, it has been plagued by inconsistencies across centers due to technical elements arising from different hardware, competing software, varying sequences, dissimilar reconstruction algorithms, and technique. For example, eddy current distortion is often found to be larger than the acquisition voxel size (13). While a thorough analysis of diffusion tensor imaging is beyond the scope of this review, it will suffice to say that anisotropy can be either elevated or depressed following TBI. There have been numerous studies with contradictory findings (14, 15). Variations in technique or the unreliability of diffusion tensor imaging in TBI has been suggested as the cause for the conflicting data (14, 15).

Thus, while the AAN, and neurologists in general, have distanced themselves from SPECT neuroimaging based, in part, on the now outdated TTASAAN report and embraced other technologies, they have been left with technically flawed methods of visualizing brain function (11, 14, 15). Meanwhile, extensive advancements have been made in the practice and technology of perfusion SPECT neuroimaging and massive databases have been accumulated. Together, these factors lead to the need to re-examine the policy and practice set forth by the AAN in 1996.


Defining SPECT

SPECT is a type of nuclear medicine scan to create 2-dimensional (2-D) and 3-dimensional (3-D) pictures of functional processes within the patient's body. A radiopharmaceutical is administered to detect specific activities within the body. A gamma camera measures the radiation emitted by the radiopharmaceutical and rotates around the patient to acquire a set of 2-D planar images. Using a reconstruction technique, these planar images are reconstructed into a 3-D volume from which slices at various angles can be extracted to visualize the distribution of activity within the patient's body. In the case of perfusion SPECT neuroimaging, the radiopharmaceutical is transported via the bloodstream and is quickly taken up by neurons (16) (see below), such that the uptake of radiotracer is dependent upon, and therefore reflective of, the regional cerebral blood flow (rCBF). Cerebral blood flow at the level of cortical columns or functional subregions is regulated by neuronal activity. Increased activity induces increased local blood flow, while decreased activity results in reduced blood flow. The detection of the radiotracer uptake throughout the brain allows the clinician to identify both areas of hypoperfusion (hypo-functioning) and of increased perfusion (hyper-functioning). SPECT post-processing generates tomograms and a 3-D mapped representation of the brain, ideally with color-coded intensities proportional to rCBF which correlate with the brain function in that region.




ASSESSMENT OF GUIDELINES AND IMPLICATIONS


The Technical Aspects of Early SPECT Neuroimaging

Brain perfusion SPECT scans were initially developed in the 1970's. After the development of the Anger scintillation detector in 1950 (17) and the invention of the Anger circuitry in 1969 (17), several groups developed scintillation cameras. Paul Harper et al. with the University of Chicago first explored transaxial tomography using the Anger camera (18). The first whole body SPECT cameras were developed by 1976 (17). Brill et al. at Vanderbilt University and Jaszczak et al. at Searle Radiographics independently developed brain-specific gamma cameras.

While the technology of the scintillation camera was ongoing, the development of brain specific tracers was advancing rapidly. The early SPECT cerebral blood flow studies utilized 133Xenon which can provide a quantitative measure of cerebral blood flow. However, 133Xenon has relatively low energy and required a special breathing apparatus which was cumbersome and uncomfortable for the patient. Tracers with high energy gamma radiation were sought and 123Iodine (123I) or 99mTechnetium (99mTc) became the primary candidate radiolabels. An 123I tracer, 123I-N-isopropyl-iodo-amphetamine (123I-IMP), was developed in 1980 for cerebral perfusion using iodinated amphetamine. It could be tagged with either 123I or 125I. This tracer showed high brain extraction and linear uptake over a wide range of blood flow rates (19). It remains in use today; however, there were some distinct disadvantages to this tracer. The first is the use of 123I requires pretreatment to protect the thyroid. The second is that the tracer is redistributed from the lungs to the brain over the first 20 min after injection leading to a smearing of activity over time. Brain areas demonstrating high cerebral blood flow at the time of injection may not maintain that level of blood flow during the 20-min interval when 123I-IMP is cleared from the lungs and accumulates in the brain (16).

The more lipophilic agent propylene amine oxime, which could be labeled with 99mTc, was explored as a brain perfusion tracer during the late 1970's and early 1980's. Initial agents had rapid clearing and so required fast imaging. In 1985, a methylated version of the agent was developed, which had almost ideal properties—99mTc- hexamethylpropyleneamine oxime (HMPAO) (20). First, 99mTc has a long half-life of 6 h and can be made independent of a cyclotron. Second, neither 99mTc nor HMPAO interfere with any biological processes in the body, unlike 123I or the amphetamine tracer. Third, HMPAO is retained in the cell due to conversion to a less lipophilic form, which reduces washout and prolongs the window for scanning to several hours (16, 20–22). Fourth, the accumulation of HMPAO in the brain is very rapid, being virtually complete in 40 s and it maintains a fixed distribution after 5 min (16, 22). Thus, the scan measures the cerebral blood flow at the time of injection, not at the time the scan is actually performed. In essence, a SPECT scan captures a frozen image of brain function at the time of injection (16, 22). This makes 99mTc-HMPAO ideal for capturing brain activity during transient conditions (e.g., seizures, transient ischaemic attacks) or psychological challenges (e.g., concentration tasks). At very high perfusion rates, 99mTc-HMPAO accumulation and back diffusion becomes disproportional; thus, 99mTc-HMPAO uptake is non-linear compared to 133Xenon (16, 23). Lassen et al. (23) proposed a correction algorithm which has been shown to closely approximate rCBF in comparison to 15CO2 PET (24). Nevertheless, accumulation is linear within the normal physiological range in the human brain (16, 23).



Limited Stability of HMPAO Pre-1996

At the time that 99mTc-HMPAO was originally approved by the FDA in 1988, a key technical flaw still remained. The agent was unstable and would decompose rapidly after reconstitution. Realistically, it was only viable for 30 min after reconstitution (16). The work of quality checking, measuring the radioactivity, calculating and drawing up the dose, and patient preparation had to be accomplished very hastily prior to injecting the patient. As a result, the quality of the SPECT images varied greatly based on the deftness and technique of the technologist handling the tracer. In 1993, the addition of methylene blue proved effective in stabilizing HMPAO for several hours after reconstitution. This contributed to improved scan quality.

HMPAO was not truly stabilized for clinical application until 1993. In addition, most of the brain SPECT perfusion studies pre-1994 were performed on single-head gamma cameras. Since, then the quality of SPECT neuroimaging has greatly improved with the use of multi-head gamma cameras (See Figure 1). In addition, refinements in post-processing, as well as the introduction of statistical comparison to normative databases, have greatly enhanced the quality and diagnostic capacity of SPECT scans.
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FIGURE 1. Perfusion SPECT scan of normal control. (A) Four horizontal tomograms from a 99mTc-ECD perfusion SPECT scan performed on a single-headed gamma camera in 1989 [The figure was originally published in JNM. © SNMMI (25)]. (B) Eight horizontal tomograms from a modern 99mTc-HMPAO perfusion SPECT scan obtained from a dual-headed gamma camera. The color scale is scaled relative to the patient's mean cerebral perfusion. Mean blood flow (72%) is in yellow. Color shifts occur at approximately every 0.5 SD (3%) relative to the patient's mean. Details of the brain can be appreciated, including the thalamus, head of the caudate nuclei, lentiform nuclei, anterior cingulate gyri, and distinct cortical regions. (C) The modern SPECT scan displayed in 3-dimensional reconstruction. Increased perfusion in the visual cortex and the slightly lower average perfusion level in the temporal lobes bilaterally can be appreciated. The color scale is the same as (B).




Display Limitations

Early SPECT studies were compromised by limitations of post-processing and display. Methods for correcting energy attenuation were imprecise. Displays were often essentially binomial—-above a certain threshold (1) the display showed black and below that threshold (0) the display showed an absence of black, as illustrated in Figures 1A, 3C. Some effort at a gray scale was introduced by Ismael Mena and his group at Harbor UCLA as illustrated in Figure 3B. The challenge with SPECT scans is that they are detecting changes in degree of function, which is displayed as changes in the intensity of the signal. Greyscale permits finer details to be seen, making it ideal for anatomical MRI; however, when discerning changes in intensity over large areas, color displays improve detection. For example, Stapleton et al. (29) examined this issue using SPECT scan data. The study involved the use of scan data from one-half of a brain, which was then inverted to create a symmetrical template of a brain. Then an artificial defect was created in the cerebellum by decreasing pixel values in the designated area by 1–12.5%. This construct was displayed in greyscale, a red color scale similar to “heated object,” and blue/green/red where low counts were blue, mid counts were green and high counts were red. Despite the expressed bias toward greyscale among the radiologists tested, subject readers detected the artificial lesion much better in either of the color scales. In fact, the more subtle the lesion (pixel value decreases < 10%), the better color aided in detecting the lesion.

Humans, like all primates, have superior discrimination of color vision (30). One need only look at a Monet painting in greyscale to see the importance of color is discerning complex visual information. While greyscale allows superior detail discrimination, it does not foster the detection of changes in intensity. This was more recently demonstrated in fluid-attenuated inversion recovery (FLAIR) anatomical MRI in stroke (31). A large retrospective sample of FLAIR images were displayed in greyscale and a color scale. The addition of color increased detection of stroke and inter-rater agreement by 23%. The positive predictive value similarly increased from 85.3 to 95.7% (31).

Ismael Mena et al. at Harbor UCLA did extensive studies with normal subjects with 133Xenon to determine quantitative data on the normal range of cerebral blood flow in humans (32). In a brief summary of an extensive body of work, mean cerebral blood flow was determined to be 70.3% of the maximum cerebral blood flow. The standard deviation (SD) was 8.35%. This work has been corroborated by several others and summarized by Devous et al. (33). Figure 2 illustrates the mean ± 1 and ± 2 SD set against various color scales and greyscale. One can quickly see that in greyscale neither an increase in 2 SD nor a decrease in 2 SD can be detected. In contrast, in the Heated Object color scale a decrease of 2 SD can be easily discerned. It is less clear that a decrease of 1 SD or an increase of 1 or 2 SD could be detected in Heated Object scale. In the Hot and Cold color scale, both increases and decreases of 2 SD could be easily detected, but changes of 1 SD might be more challenging. Lastly, the Ubiq 40 color scale, developed by Ismael Mena based on his quantitative data, and the DGP40, developed by one of the authors - DGP, has incremental color changes at approximately 2.7%. Changes in perfusion as small as 0.3 SD can be detected in either direction. The distinction between the DGP40 and the Ubiq40 is that the top 2% of the DGP40 is black, which allow easy identification of the most active or highly perfused part of the brain. An illustrative case is provided in Figure 2—a patient with signs of mild cognitive impairment and decreased performance on neurocognitive testing. The scan in greyscale is read as normal (Figure 2B). The tomograms in Ubiq40 show subtle decreases in perfusion in the frontal and parietal cortices (Figure 2C). However, when the scan is compared to a normal database of age-matched controls, statistical analysis reveals a pattern of hypoperfusion consistent with mild cognitive impairment of the frontal-temporal variant. This case illustrates the value of using color scale for SPECT scans wherein changes in intensity are more important than anatomical detail.
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FIGURE 2. Humans, like all primates, have superior discrimination of color vision. While greyscale allows superior detail discrimination, it does not foster the detection of changes in intensity. Since functional neuroimaging is about changes in the intensity of the signal, it is important that the observer can readily detect small changes. (A) Various commonly used color scales and a greyscale are displayed. The mean cerebral perfusion in the human brain is 70.3% of the maximal flow with a standard deviation (SD) of 8.35%. The mean and ± 1, 2 SD, 3 SD, and 4 SD are indicated. A change of ± 2 SD is unlikely to be appreciated in greyscale but can be readily distinguished in Heated Object, Ubiq40, and DGP40 color scales. An increase of 2 SD can be distinguished in Hot and Cold color scale, but a decrease of 2 SD 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 Ubiq40 and DGP40. (B) A representative low quality 99mTc-HMPAO perfusion SPECT scan demonstrates poor technique with the inclusion of extracranial structures. The scan was read in greyscale and interpreted as a normal scan. (C) The same patient was rescanned with proper technique. Decreased perfusion in the posterior frontal and temporal cortices can be appreciated when viewed using the Ubiq40 color scale. (D) 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 posterior frontal cortex, but with sparing of the anterior cingulate gyri, can be appreciated. The findings are consistent with mild cognitive impairment of the frontal-temporal variant and the patient showed consistent findings on neuropsychological assessment.


Throughout this article, early SPECT scans in greyscale will be contrasted with modern SPECT scans using color display and statistical comparison to a normal database. The wealth of information that becomes visible in color scale is self-evident. Nonetheless, despite extensive research supporting the value of color display, many radiologists and nuclear medicine physicians persist in using greyscale to read SPECT scans.




ASSESSMENT OF THE STATE OF THE ART—SPECT IN BRAIN DISORDERS

Herein, we will provide technical background on the studies cited by the TTASAAN report and then provide technical details from state-of-the-art studies in modern brain perfusion SPECT imaging. We will begin with and illustrate most extensively the state of the art in the evaluation of head trauma and traumatic brain injury (TBI), because this indication has been quite controversial and has raised the most strident criticisms.


Head Trauma

The definition of TBI has evolved since the publication of the TTASAAN report. At that time, “concussion” was considered a transient state. Now concussion is recognized as a form of TBI, despite an absence of a loss of consciousness (LOC). Because of this shift and the recognition that: 1) concussions can have persistent effects on the brain (34, 35), 2) repeated concussions can have cumulative damage (36), and 3) persistent pathological changes can occur following even a single concussive event (37, 38), we refer to the Centers for Disease Control (36) for a basic definition of the levels of severity of TBI.

The World Health Organization defines post-concussion syndrome (PCS) as “persistence of a constellation of physical, cognitive, emotional and sleep symptoms beyond the usual recovery period after a concussion” (39), including 3 or more of the following after head injury: headache, dizziness, fatigue, irritability, insomnia, reduced tolerance of stress, concentration difficulty, or memory difficulty.

The TTASAAN report (1) included seven early studies of TBI with a total of 253 subjects. All studies were conducted on single-head gamma cameras. Two studies utilized 125I-IMP and five studies utilized 99mTc-HMPAO with three of those studies conducted prior to the stabilization of HMPAO. All scans were assessed visually only. Jacobs et al. (40) will be discussed in detail below. Abdel-Dayem et al. (41) examined a series of 14 acute moderate-to-severe TBI cases with HMPAO SPECT scans performed within 72 h. Seven of the 14 cases did not survive. The number and extent of lesions observed by SPECT were compared to the number and extent of lesions seen by CT scan. Ducours et al. (42) examined 10 comatose TBI patients and 10 patients with TBI, but no LOC. All had a negative CT scan and a 125I-IMP perfusion SPECT scan. Patients without LOC had a normal 125I-IMP scan, while 9 out of 10 of the comatose patients had functional deficits on SPECT scan. Roper et al. (27) examined CT and HMPAO perfusion SPECT scans in 15 patients with mild, moderate or severe head injury (Figure 3B). SPECT revealed more focal lesions than CT. Gray et al. (28) examined 53 chronic (>6 months) TBI patients (20 mild, 33 severe TBI) compared to 14 normal controls using HMPAO SPECT (Figure 3C) and comparison to CT. Over 90% of the chronic severe TBI cases had areas of decreased perfusion on SPECT, but only 72% showed abnormalities on CT scan. Conversely, 100% of the patients with a normal SPECT scan had a normal CT scan. Ichise et al. (26) examined 29 chronic (> 6 months) TBI patients (15 mild, 14 severe TBI) and compared the HMPAO perfusion SPECT scans and neuropsychological testing results to those of 17 normal controls (Figure 3A). Trail Making A and B, Digit Symbol, and Wisconsin Card Sorting stood out as tests which strongly differentiated brain injured patients from controls (p < 0.001). Most lesions were in the frontal and temporal lobes and correlated with decreased neuropsychological scores on memory, attention, and executive function (26). Masdeu et al. (43) attempted to utilize negative controls (normal control) and positive controls (human immunodeficiency virus encephalopathy {HIV}) to examine mild TBI. Fourteen patients with mild TBI underwent CT scan and IMP or HMPAO perfusion SPECT scans within 48 h of head trauma. The results were compared to 15 normal controls and 12 patients with HIV encephalopathy. None of the normal controls were read as TBI; however, 40–50% of the TBI cases were read as HIV encephalopathy and 14–28% of the TBI cases were read as normal. The latter study highlights the jeopardy involved in visually interpreting SPECT scans, particularly in greyscale. As detailed above, the human eye is unable to separate 2 standard deviations in greyscale, because it is designed for color vision. Areas of hypoperfusion of <2 SD will be missed by visual read. Moreover, the absence of statistical comparison to a normative database or a matched set of normal also risks false negatives. This is strikingly demonstrated in Figures 3–5.


[image: Figure 3]
FIGURE 3. (A–C) Examples of SPECT scans cited in TTASAAN report. Anatomical details are lacking. (A) 40-year-old female with major head trauma showed decreased perfusion of the right temporal lobe, whilst CT and MRI scans were normal [The figure was originally published in JNM. © SNMMI (26)], (B) 45-year-old male thrown from a horse showed decreased bilateral occipital perfusion [The figure was originally published in JNM. © SNMMI (27)]; (C) 37-year-old female with major head trauma from a motor vehicle accident (MVA). Perfusion is decreased in the bilateral frontal and temporal lobes [The figure was originally published in JNM. © SNMMI (28)]. (D–F) A 19-year-old woman was involved in a head-on collision MVA as a passenger. She suffered severe trauma to the back of her head. A modern 99mmTc-HMPAO perfusion SPECT scan was performed with a dual-head camera. (D) Horizontal tomograms (non-sequential, break in sequence shown by cross-hatched bar) illustrate intact cortical function but marked hypoperfusion in the cerebellum bilaterally (red arrows). (E) Coronal tomograms (non-sequential). (F) Sagittal tomograms (sequential). (G) 3-D representation of SPECT scan data illustrating a small area of marked hypoperfusion in the left frontal cortex (white arrow) and profound hypoperfusion in the cerebellum (yellow arrows) which is more pronounced in the medial aspects. (H) The patient's data is compared to a normative database using Segami Inc. Oasis software. The color scale is the same as in Figure 2D. The injury to the left frontal cortex and lateral aspects of the frontal cortex can more clearly be visualized. Area of white in the right medial view is an area where there is no statistical comparison data.
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FIGURE 4. Tomographic and multiple 3-D representations of major TBI. A 58-yr-old female was struck on the right parietal region by a heavy object with loss of consciousness of approximately 2 hours. Perfusion SPECT scan was performed seven years after the injury with 99mmTc-HMPAO and a dual-head gamma camera. (A) 4mm horizontal sections illustrate decreased perfusion in the right parietal region (red arrow). The color scale is the same as Figure 1B. (B) 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) Another 3-D representation utilizes the same color scale as (A). The right parietal defect appears as an area of blue and green (red arrow). A contra-coup injury can be visualized in this representation (white arrowhead). Temporal lobe hypoperfusion is again evident bilaterally (green arrow). (D) The patient's data is compared to a normative database using Segami Inc. Oasis software. The color scale is the same as in Figure 2D. 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). (E) Anatomical MRI completed at the time of the SPECT scan showed no abnormalities. Section at same level as far right horizontal tomogram in (A).
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FIGURE 5. Mild TBI. (A) Example of SPECT scans cited in TTASAAN report. Anatomical details are lacking. 50-year-old male with minor head trauma after a motor vehicle accident showed decreased perfusion of the left inferior frontal and left anterior temporal lobe, whilst MRI scan was normal [The figure was originally published in JNM. © SNMMI (28)]. (B–G) A 2019 SPECT scan using a dual-headed gamma camera of an 18-year-old male who struck a tree while mountain biking and briefly lost consciousness. A modern 99mmTc-HMPAO perfusion SPECT scan was performed with a dual-head gamma camera. (B) Horizontal tomograms show detail of thalamus, anterior cingulate, caudate, and lentiform nuclei. A focal area of hypoperfusion can be seen in the right parietal cortex (red arrow). Color scale is the same as in Figure 1B. (C) Sagittal tomograms reveal decreased inferior frontal perfusion and decreased medial temporal perfusion bilaterally (green arrow). (D–G) 3-D representation of SPECT scan data showing left lateral (D), right lateral showing the area of hypoperfusion in the right parietal cortex (red arrow) (E), superior (F), and inferior views (G). (H–J) The patient's data is compared to a normative database using Segami Inc. Oasis software. The color scale is the same as in Figure 2D. Areas of relatively decreased perfusion are more evident, such as the area of hypoperfusion in the right parietal cortex (red arrow).


We (TAH, DGP), along with our colleagues, published a systematic review in 2014 which examined the entire extant literature on SPECT scans in the evaluation of TBI (44). The systematic review showed Level IIA evidence (at least one randomized controlled trial) for the utility of brain SPECT in TBI. The review identified 52 cross-sectional studies and 19 longitudinal studies including a total of 2,634 individuals over 30 years of literature. In addition, seven studies which were not included in the systematic review contain 223 subjects (45–51). Subsequently, two large retrospective studies comparing SPECT neuroimaging in TBI, post-traumatic stress disorder (PTSD), and normals containing over 21,399 subjects have been published (52, 53). Thus, besides the studies included in the TTASAAN report (1), there are an additional 69 studies containing 23,944 subjects on the utility of perfusion SPECT neuroimaging in the evaluation of TBI.

In addition, there have been numerous editorials and opinion pieces criticizing the use of SPECT to evaluate TBI (54–56). Central to the criticism is there is no gold-standard SPECT finding for TBI, particularly mild TBI. Another criticism is that many of the studies of TBI have a small number of subjects and lack a control group (54–56). A third criticism is SPECT may not provide additional benefit over CT or MRI (55, 56). A fourth criticism is that SPECT findings do not correlate with neuropsychological testing (54–56). A fifth criticism is that it has been unclear that SPECT scans can predict clinical outcome (54–56). Each of these criticisms will be addressed in turn.


Lack of Gold-Standard Finding

This position reflects an almost foolish belief that such a gold-standard could or should exist. By its very nature, TBI is highly variable. The mechanism of injury (impact, rotational, etc.), point of impact, presence or absence of contra coup injury, handedness, presence of prior injury, and other factors all contribute to the manifestation of TBI in each patient (34, 38, 57). The neuropsychological sequalae of injury will also depend upon what areas of the brain are affected, the inter-connectedness of affected areas, handedness, nutrition, toxic exposures, premorbid intelligence, and history of prior injury (58). This confound is not limited to SPECT, but also plagues other forms of neuroimaging, such as diffusion tensor imaging, when applied to the evaluation of TBI.



Small N Studies or Lack of a Control Group

By the very nature of TBI, it is not possible to have a randomized study of neuroimaging applied to TBI. How does one recruit a sample of subjects with normal baseline SPECT scans and then subject them randomly to a head injury followed by a repeat SPECT scan? As a result, there can never be true Class I evidence (well-designed, randomized, controlled clinical trial), as defined in the TTASAAN report (1), for the diagnostic and/or prognostic effectiveness of SPECT in the situation of TBI. This same limitation applies to studies of fMRI, CT, anatomical MRI, MEG, and diffusion tensor imaging. An early approach to this barrier was to randomly present cases of TBI with positive and negative controls to reading physicians (43). The study was technically flawed as described above.

Of the 54 published cross-sectional studies of perfusion SPECT neuroimaging in the evaluation of TBI, 26 had 20 subjects or less. Seven studies had 100 subjects or more (52, 53, 59–63). One study had over 7,600 subjects with TBI (53). Of the 19 longitudinal studies, nine had 20 subjects or less. Four longitudinal studies had 100 subjects or more (64–67). For example, Gowda et al. (66) prospectively performed CT and perfusion SPECT scans on 92 patients with acute TBI. Both scans were performed within 72 h of injury. Abnormal SPECT scans were found in 63% of cases—-half of these cases had normal CT scans. Two patients showed CT abnormalities without corresponding SPECT findings. A subarachnoid hemorrhage was the finding in both cases. The Newcastle-Ottawa Scale (NOS) was developed to assess the quality of non-randomized studies (68). The scale was applied to all the longitudinal SPECT studies by Raji et al. (44). The mean score for the 19 studies was 6 ± 1.4, which is considered to be high quality (NOS range 0–9).

Among the 71 studies included in the aforementioned systematic review (44), 15 included a control group. In addition, Stamatakis et al. examined SPECT scans and MRI from 51 subjects with TBI using statistical parametric mapping in comparison to 32 subjects in a control group (47). Atighechi et al. examined 21 subjects with TBI and anosmia compared to positive and negative control groups (50). Amen et al. conducted a retrospective comparison of TBI and PTSD (52). All patients underwent extensive psychiatric interview and completion of a battery of questionnaires. The diagnosis was made by Board-certified psychiatrists based on DSM-IV or V criteria. Baseline perfusion SPECT scans differentiated TBI from PTSD with a sensitivity of 92% and a specificity of 85% (52). Amen et al. replicated these findings in a separate retrospective evaluation of SPECT scans from distinct and closely matched groups of patients with TBI (N = 104), PTSD (N = 104), both TBI and PTSD (N = 73) and 116 healthy controls (53). All patients were diagnosed by a similar extensive battery of questionnaires and psychiatric interview. Controls were found to be free of psychiatric conditions, TBI, or substance abuse by extensive psychiatric interview and completion of a battery of questionnaires using DSM-IV or V criteria. The baseline perfusion SPECT scans were compared visually and by quantitative region of interest analysis. TBI could be distinguished from controls with a sensitivity of 100% and a specificity of 100% in both visual reads and quantitative analysis. In distinguishing TBI from PTSD, the sensitivity was 100% and the specificity was 100% for quantitative analysis and a sensitivity of 86% and specificity of 81% for visual reads. In addition, they conducted a larger comparison of 7,505 patients with TBI and other psychiatric comorbidities compared to 11,147 psychiatric patients without TBI who served as controls (53). With this more diverse group, sensitivity was 70% and specificity was 54% for both visual reads and quantitative analysis. The comparison of TBI and PTSD yielded somewhat higher accuracy with a sensitivity of 80% and a specificity of 60–62% (53).

In summary, there are numerous large-N cross-sectional, longitudinal and retrospective studies of the utility of SPECT in the evaluation of TBI. Indeed, thousands of subjects have been compared to hundreds of controls across 18 studies.



Does SPECT Provide Additional Information Over CT or Anatomical MRI?

Since perfusion in the gray matter is regulated by neuronal activity, as described above, perfusion SPECT provides a method of detecting neuronal dysfunction in the absence of anatomical change. Areas of the brain which are stunned, surviving, but not functioning (as in the ischemic, or otherwise functionally compromised) show no anatomical changes. However, the decreased function can lead to decreased perfusion. We (TAH) have demonstrated this in a case of chronic TBI wherein cerebral perfusion surrounding the injury and even in the contralateral hemisphere was decreased, despite normal appearance of the involved areas on MRI (69). These affected areas responded to treatment and showed improved perfusion upon repeat SPECT imaging. Acute TBI (within 72 h) represents a unique situation wherein perfusion can increase or decrease depending upon a number of factors, such as neuronal dysfunction and shutdown, inflammation, changes in blood-brain barrier permeability, excitotoxicity, and more. For example, Obrist et al. (70) performed serial quantitative perfusion SPECT (133Xenon) scans and found that rCBF was initially reduced (12 h) and then increased to hyperemic levels at 57 h after injury. Hyperemia was associated with increased intracranial pressure. The changes in perfusion may be due to loss of autoregulation (71) and/or transient disruption of the blood-brain barrier (72).

The collective literature (44) indicates that perfusion SPECT scans are superior to CT scans for detecting functional injury following head trauma in subacute and chronic TBI, and potentially acute TBI, as well. Over 96% of the studies which compared SPECT to CT found SPECT identified lesions which were not evident on CT. For example, Abdel-Dayem et al., evaluated 228 subjects with mild-to-moderate TBI and found abnormally low perfusion in the frontal, temporal, and parietal lobes (60). A follow up study by Abu-Judeh et al. (61) in the same population found that abnormalities that were identified on SPECT were often not seen or were underestimated in magnitude on CT scan in those receiving both SPECT and CT (61). Ichise et al. (26) found similar discordance with 79% of SPECT abnormalities lacking a matching abnormality of CT and concordant lesions were larger on perfusion SPECT scan than on CT scan (26). Emanuelson et al. (73) showed that SPECT lesions were concordant in severe TBI, but SPECT was more sensitive than CT in mild TBI. In another study, SPECT scans in the acute setting detected abnormalities in 75% of patients who had amnesia symptoms, while the CT scans were read as normal (74). Given that CT scans have become the cornerstone of evaluating concussion and TBI in the acute setting wherein they readily reveal hemorrhage and fractures, it becomes important to recognize that CT scans fail to show functional deficits seen on SPECT for which there may be no structural correlates. Thus, CT scans for head trauma in the emergency department may be negative, but do not rule out future functional deficits. To this point, all subjects in the longitudinal study by Jacobs had negative CT scans in the acute setting (40, 64); however, a positive baseline SPECT scan had high sensitivity and specificity for persistent neurological symptoms (see below).

Similarly, SPECT is more sensitive for TBI than anatomical MRI across multiple studies. In a series of 13 patients with moderate TBI, Shin et al. (75) found that MRI was negative in 50% of the cases, while the SPECT scans analyzed with statistical parametric analysis were positive for brain injury in 100% of cases. Abu-Judeh et al. examined 228 patients with mild to moderate TBI in a retrospective review (61). Both CT and MRI within 2 weeks of injury were negative, while SPECT scans revealed frontal lobe injury in 24% of cases and temporal lobe injury in 13% of the cases. Likewise, Stamatakis et al. (47) examined 62 patients with TBI using MRI and SPECT, which were performed within 2 weeks of injury. Using statistical parametric analysis, they found SPECT detected more lesions and more lesion volume than anatomical MRI. Ichise et al. (26) found SPECT scans more sensitive than MRI as well, with 79% of SPECT abnormalities lacking a concordant MRI lesion. Conversely, MRI detected white matter hyperintensities which did not show a matching lesion on SPECT (26). Kinuya et al. (48) found SPECT detected hypoperfusion in 94% of cases wherein MRI scans were normal; however, cases of subdural hematoma did not show abnormal SPECT findings. SPECT findings correlated strongly with symptoms, such as personality change or amnesia.



Does SPECT Correlate With Neuropsychological Findings?

The current trend in neuropsychological assessment is toward the profiling of functional performance to detect TBI. The field is still hampered using many tests that are antiquated, excessively long, or of dubious psychometric quality (76). A neuropsychological assessment can consist of a multitude of tests; there are over 100 separate neuropsychological assessment tests that are frequently utilized in TBI cases (77). Because no single neuropsychological test is particularly sensitive for TBI (78, 79), they are generally used in batteries. However, a lack of consensus exists about which tests are appropriate to include in a battery (79). Accordingly, the choice of tests to include is subjective. In addition, variances between how individual neuropsychologists administer the tests, interpret the results, apply failure criteria and decide whether to test for effort are additional subjective variables (80). Moreover, comorbid conditions, such as pain, anxiety, depression, sleep disturbance, medications, and alcohol use can interfere with cognitive performance obscuring the effects associated with mild or even much more significant brain injury (77, 80). Lastly, the validity of a neuropsychological assessment battery is based on the norms, decision rules, false positives, false negatives, hit rates, and the compounding of these variables when multiple tests are combined in a battery (77). Hence, neuropsychological testing is not considered diagnostic for TBI (81).

Brain SPECT imaging provides neuropsychologists an objective way to address these problems. SPECT has, in fact, been correlated with several individual neuropsychological assessment tests such as the Wisconsin Card Sort (82–85), the Stroop Colored Word Test (86, 87), the Tower of London Test (88, 89), the Clock Drawing test (90, 91), the Test of Verbal Fluency (92) and the Auditory Verbal Learning test (93). SPECT perfusion patterns have also been found to correlate with the predicted localization of neurological damage, based on neuropsychological battery testing, in a number of conditions including Lyme's disease (94), Sjorgren's syndrome (95), Klein-Levin syndrome (96), obsessive compulsive disorder (97), migraine headaches (98), paraneoplastic encephalitis (99), cerebral microvascular disease (100), chronic alcoholism (101), Alzheimer's disease and dementia (102), and neurological impairment following coronary artery bypass grafting (103).

Additionally, 18 out of 21 cross-sectional studies (81%) included in a systematic review showed correlation between abnormal SPECT findings and neuropsychological deficits (44). This suggests that abnormalities found with brain SPECT can correlate with and therefore can be predictive of functional outcomes and/or neuropsychological test performance. Davalos and Bennett (54) examined this question based on three studies (26, 104, 105); however, two of the studies lacked a control group and one included only four patients. Nevertheless, they concluded that this correlation warranted further study and that the confound of depression, possibly secondary to the TBI, must be carefully considered. We do not disagree with these conclusions, given the extensive literature presented above.



Do SPECT Scans Predict Clinical Outcome?

Neuroimaging for head trauma serves multiple purposes. Establishing the presence/absence of TBI is first and foremost. Predicting clinical outcome is an important additional benefit which may or may not be realistic. For example, diffusion tensor imaging has not shown clear predictive utility for clinical outcome (106). Nevertheless, critics are quick to hold SPECT in rebuke for failing to absolutely predict clinical outcome. For example, a critical opinion piece on the use of SPECT to evaluate mild TBI by Wortzel et al. (55), which was poorly referenced, cites an unnamed study in which an abnormal scan was predictive of persistent clinical symptoms in 59% of cases. Presumably, this unnamed study is Jacobs et al. (40) based on the reference in Davalos and Bennett (54), which Wortzel et al. (55) were discussing when describing this unnamed study. However, this reference is flawed on several levels. First, Jacobs et al. (40) included subjects with both mild and moderate TBI. Second, this study was examining SPECT findings in the subacute setting (within 1 week) as predictors of persisting symptoms. Recovery was an expected outcome for a significant proportion of subjects. Thirdly, Wortzel et al. (55) ignore the further longitudinal data from Jacobs et al. (64). Therefore, these results will be detailed here.

Jacobs et al. (40) published the first part of a two-part longitudinal study of the correlation between acute SPECT scan findings and persistent neuropsychological symptoms in 1994. It is one of a number of studies which have documented the positive predictive value (PPV) and negative predictive value (NPV) of SPECT in the prediction of lasting neuropsychological effects of TBI. It was included in the TTASAAN report and is also likely the study referenced by Wortzel et al. (55) above. Jacobs et al. (40) conducted a scrupulous study of 67 subjects with acute TBI (42 moderate TBI, 25 mild TBI) who were then followed over the subsequent year (64). Furthermore, Jacobs et al. added an additional 69 subjects with mild TBI to the longitudinal sample. All subjects had baseline perfusion SPECT scans and CT scans obtained within 4 weeks (83% within 1 week) of the head injury event. All subjects had baseline neuropsychological testing.

Subjects with a positive finding on SPECT had a repeat SPECT scan at 3 months, 6 months, and at 1 year, while all subjects underwent repeat neuropsychological testing at 3 months, 6 months, and 1 year (64). These studies captured three key concepts in the evolution of mild TBI. First, a substantial proportion of patients with mild TBI recover over the course of the year, regardless of whether they have positive SPECT findings at baseline. The second, not every patient with mild TBI will have a positive SPECT scan. The third, the sensitivity and specificity of baseline SPECT for predicting persistent neuropsychological symptoms and findings can be calculated. In addition, the PPV and the NPV of a baseline SPECT scan in acute TBI was determined (Table 1).


Table 1. Outcome data from Jacobs et al. (40, 64).
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Based on this large sample of 136 subjects, a negative baseline SPECT scan was highly predictive of normal neuropsychological testing in the future. In other words, a negative SPECT scan shortly after initial injury predicts the absence of long-term functional deficits. This predictive value cannot be matched by other imaging modalities such as conventional CT or MRI. The positive predictive value of baseline SPECT scans was also quite high. An abnormal baseline SPECT scan that remained positive at 12 months predicted persistent neuropsychological deficits with a sensitivity of 100% and a specificity of 85% (64). This gives a strong argument for serial SPECT scans in cases with both positive baseline scan and neuropsychological symptoms. Similarly, a second prospective study by an independent group (107) found an abnormal baseline SPECT correlated strongly with abnormal neuropsychological testing in patients participating in a cognitive rehabilitation program.

Lastly, the lack of a randomized, placebo-controlled clinical trial of SPECT in the diagnosis of TBI is a deficit cited by both critics (54–56) and proponents (54, 108–110). The improbability of a gold-standard and randomizing patients to experience TBI make this critically needed study impossible. However, an additional, more nefarious, barrier has prevented such a study from occurring. One of us (TH) collaborated with Drs. Davalos and Bennett to implement a study to evaluate mild TBI with perfusion SPECT which addressed the concerns they raised in their review. Essentially, this study would have replicated Jacobs et al.' work (64) with better SPECT imaging, larger sample size, more extensive neuropsychological testing, and comparison to a carefully vetted normative dataset. Unfortunately, repeated funding attempts failed due to wholesale rejection of SPECT neuroimaging by grant reviewers. Comments such as, “The use of SPECT, a technique with poor spatial resolution, poses a concern.” and “use outdated techniques” peppered the peer review panel summary statements. Again, it seems odd that perfusion SPECT imaging is held to an unrealistic standard that fMRI, diffusion tensor imaging, FDG-PET, amyloid PET and other forms of neuroimaging do not meet. For example, numerous diffusion tensor imaging studies of mild TBI lack the rigorous criteria established by Davalos and Bennett (54) but these studies were still funded and published after these criteria were set (106, 111–118). For example, several diffusion tensor imaging studies lack control groups (115, 118), several have small sample sizes (111–115), several examined limited neuropsychological testing (112, 113, 115–119), and all lacked randomization.

Experts in the field are calling for greater collaboration between neurologists and nuclear medicine physicians to conduct the needed studies required to convince Neurology of the value of SPECT neuroimaging in the assessment of TBI (67, 108–110). Critics continue to claim that SPECT is not useful in the evaluation of TBI. Conversely, according to the criteria set forth in the TTASAAN report (1), the current literature supports the use of perfusion SPECT neuroimaging to evaluate TBI as a Type A Recommendation (strong positive recommendation) based on Class II evidence derived from multiple clinical studies with large N and control comparison groups (40, 47, 52, 53, 63, 64, 86) as presented above.




Stroke

Stroke remains a leading cause of death and disability throughout the world. In 1996, the rate of new stroke cases was ~269 per 100,000 (120) and the prevalence was 988 per 100,000. In 2017, the rate of new stroke cases declined 11% to 150 per 100,000 (121), while the prevalence increased by 37% to 1363.5 per 100,000 (121). As a result, ~104.2 million people worldwide have experienced a stroke (122). Neuroimaging has a pivotal role in the assessment and clinical management of stroke.

The TTASAAN report (1) included 12 research studies on stroke, in which 10 were performed using single-head gamma cameras (25, 123–127). Since the publication of the TTASAAN report, significant advancements have occurred in imaging techniques to assess vascular anatomy and integrity. Magnetic resonance angiography (MRA), computed tomography angiography (CTA) and diffusion weight MR (DWI) have proven effective, safe, and rapid in modern hospital settings (128). However, much of the world does not enjoy the technical riches of hospitals in the United States. Thus, many of the MRI and CT techniques employed in stroke assessment are not available elsewhere. Perfusion SPECT remains a valuable tool for assessing acute strokes prior to administering intravenous tissue plasminogen activator (IV tPA) (129, 130), assessing subacute strokes for viability and size of the penumbra (131, 132), and assessing persistent stroke-related symptoms (133). Perfusion SPECT may also contribute to stroke risk assessment (134, 135).

Nevertheless, the first step in assessing a patient with symptoms of stroke or transient ischaemic attack (TIA) is a non-contrast CT scan. CT remains a rapid, safe, and effective means of determining if a stroke is hemorrhagic or not. The introduction of IV tPA as a treatment for dissolving and clearing clots, as well as clot retrieval techniques, has increased the need for rapid determination that a stroke is not hemorrhagic. Candidates for IV tPA need to be treated within 4.5 h of stroke onset. Thus, MR techniques, which are more rapid, have largely replaced perfusion SPECT scans in the assessment of acute stroke/TIA patients.

CT and diffusion/perfusion-weighted MRI have largely replaced perfusion SPECT in the assessment of subacute or chronic cerebrovascular disease. However, in certain conditions in which the variability of clinical presentation can be high (e.g., transient ischemic attacks, Moyamoya disease), SPECT may still offer value as part of the overall assessment plan. Perfusion SPECT neuroimaging is useful in delineating the extent of ischemic infarction and correlates well with severity of neurologic deficits and clinical outcomes. It may be useful in demonstrating the ischaemic penumbra at the margins of an ischaemic infarct, which may be salvaged with neuro-interventional procedures (132). This is due to the fact that perfusion SPECT imaging does not simply demonstrate the presence or absence of vascular occlusion. Rather, localized cerebral blood flow is regulated by the brain region itself. As the activity of a particular brain region increases, so does its need for oxygen and glucose. By a signaling mechanism involving neurons, glial cells, and the arterioles, the brain region calls for increase localized blood flow to meet its needs. Thus, perfusion SPECT neuroimaging shows active brain tissue, inactive brain tissue, and compromised brain tissue. Similarly, perfusion SPECT can be useful in assessing response to treatment or interventions (136, 137). A smaller volume of penumbra (138) and the absence of crossed cerebellar diaschisis (139) can be predictive of better clinical response. The technical improvements in gamma cameras and in post-processing software have markedly improved the resolution, anatomical detail, and information density of perfusion SPECT scans (Figure 6). 3-dimensional reconstruction allows more complete understanding of the stroke and penumbra volume. Statistical parametric analysis, particularly with comparison to a normative database, reveal details which might otherwise not be discernible (Figures 6G–L).
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FIGURE 6. (A) Example of SPECT scan studies cited in TTASAAN report. Anatomical details are lacking. A 99mTc-ECD perfusion SPECT scan from 1989 illustrating a left middle cerebral artery stroke (black arrow) with crossed cerebellar diaschisis (open arrow). This scan was performed on a single-head gamma camera [The figure was originally published in JNM. © SNMMI (25)]. (B) Modern 99mTc-HMPAO SPECT scan using a dual-head gamma camera illustrating a left middle and posterior cerebral artery stroke (white arrow) involving the left posterior frontal, temporal, parietal, and occipital cortices. Color scale is the same as in Figure 1B. Crossed cerebellar diaschisis is apparent (white block arrow), as well as involvement of the left thalamus and left basal ganglia. (C–F) left lateral, posterior, inferior (cerebellum removed) and superior 3-dimensional views, respectively. (G–L) Right lateral, frontal, superior, left lateral, posterior, and inferior (cerebellum removed) views of scan compared to normative database. Color scale is the same as in Figure 2D. Involvement of the contralateral cortex (red arrow) and the crossed cerebellar diaschisis (green arrow) are evident.


Cerebrovascular reserve capacity (CVRC) is an important parameter which guides treatment decisions in chronic cerebrovascular diseases. The cerebral circulation is complex with multiple arterial inputs to the Circle of Willis, with altered hemodynamics resulting from gradual occlusion of one of more vessels over time. In additional, there is highly responsive intracerebral autoregulation to maintain blood flow, particularly when cerebral perfusion pressure is reduced. Determining reserve capacity can be critical in assessing a patient for carotid endarterectomy or carotid stenting. Perfusion SPECT neuroimaging allows a global assessment of the integrated effects of hemodynamic factors, as it measures cerebral cortical and subcortical gray matter blood flow (140). Furthermore, dynamic assessment using intravenous acetazolamide or inhaled CO2 followed by perfusion SPECT provides an accurate measure of cerebrovascular reserve. Both acetazolamide and inhaled CO2 cause vasodilation of cerebral microvasculature (141). By challenging the vascular system with additional flow demands, these techniques reveal if the smaller arteries fed by the carotid arteries can support the flow demand (141). This is illustrated in Figure 7. This technique can be useful in decision making for patients with Moyamoya disease, as well.


[image: Figure 7]
FIGURE 7. Patient with high grade carotid stenosis and multiple co-morbidities. The left hemisphere (on the right of the image) is able to augment its blood flow with acetazolamide, but there is restriction of flow to the right side leading to relative deterioration in right perfusion after acetazolamide administration, compared to the left. Color scale is the same as Figure 1B. Courtesy of J. Cardaci, MBBS, FAANMS, FRACP - Diagnostic Nuclear Imaging, Perth, West Australia; University of Notre Dame, Fremantle, Australia.




Epilepsy

The incidence of seizure disorders in the United States is 39 per 100,000, representing about 3.4 million cases (142). Approximately, one-third of all cases prove intractable or treatment-resistant—virtually unchanged from the time of the TTASAAN report, despite 25 years of new anticonvulsant medications. Surgical or laser ablation of the seizure focus/foci remains the most effective treatment in these cases. Ictal and inter-ictal perfusion SPECT scans remain an integral part of the pre-surgical evaluation of such cases (143–145).

The TTASAAN report (1) included 17 papers and reviews on the use of perfusion SPECT scans in the evaluation of epilepsy with a total of 182 patients (146–151). Based on this very preliminary data, the conclusion was that perfusion SPECT performed during the seizure event (ictal) could localize the seizure focus in 71–93% of cases with a positive predictive value of 95% (1).

In the last decade alone (2012–2021), there have been over 181 research articles and reviews containing a total of 8,516 patients on the topic of the utility of perfusion SPECT scans in the evaluation of epilepsy. The predominate topic was pre-surgical planning; however, diagnosis of pseudoseizures and seizures due to other medical conditions were also topics. In addition, over 85 cases studies of 1–3 patients each covered the utility of perfusion SPECT imaging in the differential diagnosis of a wide variety of medical causes of seizures, including TBI (152), tuberous sclerosis (153), vascular disease (154), neoplasms (155), systemic lupus (156), rare autoimmune disorders [e.g., anti-NMDA receptor autoimmune encephalitis (157, 158), hyperglycemia (159), and Lewy Body dementia (160)].

Two significant advancements in perfusion SPECT imaging, beyond the stabilization of HMPAO and the improvements in both gamma camera technology and post-processing software, have impacted the utility of SPECT imaging in the localization of seizure foci. The first is subtraction ictal SPECT co-registered to MRI (SISCOM). In essence, the interictal data is subtracted from the ictal data to reveal a focus or foci of increased perfusion during the ictus. The focus/foci are then mapped onto the patient's anatomical MRI (161–164). A retrospective study of 90 patients undergoing surgical resection of seizure foci between 1995 and 2013 revealed SISCOM predicted patients being seizure-free up to 5 years after ablative surgery (69.2%), comparable to FDG-PET localization (162). Smaller studies have found similar positive predictive value [76.9% - (165)]. The ability of SISCOM to accurately localize a seizure focus ranged from 73 to 85% (mean 77.3%) across multiple studies (164–172). A meta-analysis of 11 studies found SISCOM accurately localized seizure focus in 85.9% of cases and was concordant with EEG data in 65.3% of cases (166). SISCOM had an odds ratio of the patient being seizure-free post-operatively of 1.90 in non-concordant cases and of 6.23 in concordant cases (166). Recently, the diagnostic accuracy and predictive value of ictal perfusion SPECT was compared to magnetoencephalography (MEG) in a group of 158 surgical candidates. The accuracy of ictal SPECT was 78.57% in localizing the seizure focus, while the accuracy of MEG was 74.26% (1, 171). The odds ratio for a patient being seizure-free after surgery was 5.0 and 2.43 for ictal SPECT and MEG, respectively (171). Figure 8 illustrates the advances in perfusion SPECT imaging, including the SISCOM technique for localizing seizure foci.
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FIGURE 8. Ictal and Interictal SPECT (A–C) Example of SPECT scan studies cited in TTASAAN report. Perfusion tracer is iodinated N,N,N'-trimethyl-N'-(2-hydroxy-3– methyl-5-iodobenzyl)-1,3-propane-diamine (HIPDM). Anatomical details are lacking [The figure was originally published in JNM. © SNMMI (149)]. (D,E) Modern 2021 HMPAO SPECT perfusion scans for seizure localization. (D) Ictal scan. (E) Interictal scan. (F) SISCOM image wherein interictal scan data is subtracted from ictal scan data and the resulting data is overlayed on an anatomical MRI. Images courtesy of– Leonard Numerow MD FRCP(C), Radiology and Nuclear Medicine, Cumming School of Medicine, University of Calgary, Calgary, Alberta, Canada.


The second advancement has been the use of automated injectors to reduce the lag time between the onset of seizure activity and the injection of the tracer (173, 174). Automated injectors can reduce lag time from 60 s with hand administration to 18.5 s using an automated method (175). Since seizure activity is initially limited to the focus/foci, but then spreads to adjacent or even contralateral brain areas, capturing the perfusion pattern early increases the accuracy of the localization by perfusion SPECT (176, 177). For example, using automated injectors increased localization of seizure foci from 62.9 to 81.8% (175).

Perfusion SPECT also has proven useful in cases of non-convulsive status epilepticus (NSE) among medically complicated patients (178). NSE can prove to be a challenging diagnosis and is more likely in critically ill patients with multiple overlapping diagnoses. In a group of 55 patients, initial EEG had a sensitivity of 61.1% and a specificity of 89%. In contrast, a perfusion SPECT had a sensitivity of 80.5% and a specificity of 89.5% in diagnosing NSE (178).



Dementia and Alzheimer's Disease

The TTASAAN report (1) included 25 research articles and reviews on dementia (179–185). All of the studies were conducted using single-head gamma cameras, except one which used an annular crystal. Since the TTASAAN publication, over 600 research studies have been published on the subject of perfusion SPECT in the evaluation of dementia.

Currently, the most reliable neuroimaging findings for Alzheimer's disease (AD) are the observed decreased metabolic activity and associated decreased perfusion of the posterior parietal and temporal lobes bilaterally and the posterior cingulate gyri bilaterally with relative sparing of the basal ganglia, thalamus, and primary sensory-motor cortex (186–191). The early SPECT perfusion studies of AD relied on single-headed or low-resolution gamma cameras (192–194). Nevertheless, a meta-analysis of these early studies concluded perfusion SPECT has a sensitivity of 74% and a specificity of 81% for the differentiation of AD from elderly controls (195).

Since 2009, there have been three meta-analyses (196–198), a comprehensive review with meta-analysis (191), and a systematic review (199) addressing the clinical utility of perfusion SPECT neuroimaging in AD. Yuan et al. (196) found SPECT had a sensitivity of 84% and a specificity of 70%, while Bloudek et al. (197), performing a meta-analysis on selected research from 1990 to 2010, concluded that perfusion SPECT had a sensitivity of 79% and a specificity of 84%. Subsequently, Frisoni et al. examined 32 studies and found SPECT had a sensitivity of 76% and a specificity of 84% (198). In contrast, the sensitivity of FDG-PET ranged from 76 to 89% and the specificity ranged from 74 to 85% (191). The meta-analyses described above all co-mingled SPECT studies using single-headed gamma cameras with studies using multi-headed gamma cameras. Moreover, the summary sensitivity/specificity figures result from combined comparisons of AD cases vs. mild cognitive impairment (MCI), fronto-temporal dementia (FTD), vascular dementia (VaD), dementia with Lewy Bodies (DLB), and healthy elderly controls. As a result, these meta-analyses are not consistent with the conclusions of others (200, 201). For example, Bonte et al. (201) found that based on correlation to autopsy data, decreased posterior cingulate perfusion alone has a positive predictive value of 93% and a negative predictive value of 81%.

A more recent meta-analysis was conducted which grouped data based on camera type and comparator group (FTD, VaD, DLB, MCI, healthy elderly control) (191). When differentiating AD from healthy elderly controls, studies using relatively low-resolution, single-headed gamma cameras yielded an overall sensitivity of 84% and an overall specificity of 83% (187, 200, 202–211). Studies utilizing multi-headed gamma cameras and often quantitative analysis (91, 186, 212–231) yielded a modest, but clinically significant, increase in overall sensitivity to 89% and overall specificity to 89%. Figure 9 illustrates the advancements in the images produced by perfusion SPECT imaging including statistical parametric analysis to an age-matched normative database as depicted for AD.
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FIGURE 9. (A,B) Examples of SPECT scan studies cited in TTASAAN report. Anatomical details are lacking. (A) An 99mTc-HMPAO perfusion SPECT performed in 1988 using a single head gamma camera illustrated a 75-year-old male with severe dementia and showed decreased perfusion of the bilateral parietal cortices [The figure was originally published in JNM. © SNMMI (202)]. (B) Example of 133Xenon perfusion SPECT scan obtained with a ring-type tomogram circa 1988 [The figure was originally published in JNM. © SNMMI (180)]. C-H) Modern 99mTc-HMPAO SPECT scan performed on a dual-head camera illustrating Alzheimer's disease. (C–E) Horizontal, coronal, and sagittal tomograms, respectively, show decreased perfusion of the bilateral parietal cortices (white arrows), bilateral temporal cortices (blue arrows) and the posterior cingulate gyri (red arrow). Color scale is the same as in Figure 1B. (F,G) 3-D representation of SPECT scan data showing right lateral, left lateral (F), and inferior views (G). In the 3-D representations the asymmetry is much better seen with greater involvement of the right parietal and temporal lobes. (H) The patient's data is compared to a normative database using Segami Inc. Oasis software. The color scale is the same as in Figure 2D. Areas of relatively decreased perfusion are much more evident. The hypoperfusion of the posterior cingulate gyri (red arrows) is much better demonstrated.


Longitudinal clinical studies have corroborated that perfusion SPECT scans can predict the advancement of SPECT-identified AD to autopsy-proven AD, as well as the progression of MCI to AD. Jobst et al. (210) followed 200 patients with dementia and 119 controls over 7 years. Seventy patients were autopsied, and baseline clinical evaluation alone yielded a sensitivity of 93% and a specificity of 46% in predicting histopathology consistent with AD, while baseline SPECT scans combined with clinical diagnosis did not change the sensitivity, but increased the specificity to 84%. Hanyu et al. (200) examined a group of 219 patients and were able to distinguish 56 cases that would progress to AD based on decreased perfusion of the temporal and parietal lobes (sensitivity 82%, specificity 89%). Matsuda et al. (232) utilized Z-score analysis to demonstrate that decreased posterior cingulate/precuneus perfusion could distinguish 40 patients with MCI suspected of being the AD-type from 40 controls with an accuracy of 86%. Taken together, studies of perfusion SPECT in the diagnosis of AD with comparison to a longitudinal clinical course and/or histopathology demonstrate sensitivity in the range of 82–96% and specificity in the range of 83–89% (191).

SPECT neuroimaging can be extremely helpful in the evaluation of dementia of a vascular origin (VaD). VaD can show widely varying regional blood flow patterns, reflecting its variable vascular source (233). As such, there is not a single characteristic pattern of perfusion or metabolic activity that identifies VaD dementia (191, 233, 234). However, certain features are highly suggestive of vascular dementia (235), such as hypoperfusion of the anterior cingulate gyrus (which mitigates relatively against AD) or reduced perfusion of the pulvinar of the thalamus as seen in subcortical VaD (191). Rather, it is often the varied, bilaterally disparate, and irregular pattern that aids in the diagnosis of vascular dementia. A meta-analysis of perfusion SPECT studies utilizing single-headed gamma cameras with only visual interpretation to distinguish AD from VaD found sensitivity to be 70% and specificity to be 76.6% (191, 236–240). In contrast, the use of multi-headed gamma cameras and quantitative analysis improved sensitivity to 90%, while specificity remained slightly better than 76% (191, 218, 230, 241, 242). Neuroimaging data suggest that different types of VaD can be distinguished by SPECT; indeed, some authors feel that SPECT is more helpful in the diagnosis of different forms of vascular disease than PET (191, 233).

Frontal temporal dementia (FTD) can be characterized on functional brain imaging by decreased function and associated hypo- perfusion in the frontal lobes, caudate nuclei, and anterior temporal lobes (243–247). Hypoperfusion also can be found in the anterior cingulate gyrus. In FTD, perfusion is generally spared in the posterior cingulate gyrus/precuneus (91, 201, 248, 249). For example, Bonte et al. (186) followed 54 patients to autopsy, and a SPECT scan up to 1 year prior to death predicted the histopathology with a 96% sensitivity and an 84% specificity. The meta-analysis of all studies utilizing single-headed gamma cameras yielded a sensitivity of 71.5% and a specificity of 78.2% in the differentiation of AD from FTD (191, 244, 250–252). In contrast, a meta-analysis of studies utilizing multi-headed gamma cameras and quantitative analysis found the sensitivity was 96% and the specificity was 80% in differentiating AD from FTD (91, 191, 246, 249, 253). For example, in a careful study with quantitative analysis of SPECT data from a multi-headed gamma camera compared to autopsy findings, the temporal-parietal and posterior cingulate gyrus hypoperfusion had high sensitivity and specificity for distinguishing AD from FTD (91).

Similarly, the differentiation of AD from Lewy Body dementia (DLB) by perfusion SPECT imaging has benefited from improved hardware and analysis techniques. Shimizu et al. (254) examined the differentiation of DLB and AD using statistical parametric analysis to evaluate cortical, as well as deep nuclei, perfusion. They found that while hypoperfusion in the occipital lobe was predictive of DLB, the additional findings of increased perfusion in the thalamus and bilateral striatum strengthened the accuracy of the diagnosis of DLB. Sato et al. similarly found increased perfusion of the thalamus and striatum differentiated DLB from AD (255). Goto et al. (256) also found striatal parameters useful in differentiating early mild DLB from early mild AD. They found striatal volume to be reduced in early DLB, along with reduced occipital perfusion. The sensitivity of these parameters was 89%, while the specificity was 84%.

The accurate and early identification of Mild Cognitive Impairment (MCI) with perfusion SPECT has been examined extensively in several longitudinal studies. A total of 495 patients with MCI have been followed over 2–3 years [one study to 5 years (257)] in 10 longitudinal studies that included a baseline SPECT scan. All the studies used multi-headed gamma cameras and quantitative analysis (191, 257–266). Overall, 43% of MCI patients showing decreased perfusion in the: 1) posterior cingulate gyri, 2) posterior parietal cortices, and/or 3) temporal cortices converted to AD with an average conversion rate of 20% per annum. The remaining patients showed no change in cognition (stable MCI). Thus, the key SPECT findings found in AD were already present 2–3 years before the onset of the clinical symptoms of AD (191, 228, 229, 266). With quantitative analysis, the predictive value of perfusion SPECT in MCI can be increased considerably. Quantitative analysis yielded a sensitivity of 97%, a specificity of 100%, and an accuracy of 99% in one study (228). SPECT outperforms clinical assessment for MCI, which is generally 49–63% sensitive and 89–94% specific (267). Using older, single-headed gamma cameras and visual inspection, several studies found that SPECT can differentiate MCI with a sensitivity of ~84% and a specificity of 83% (191). In contrast, multi-headed gamma cameras and quantitative analysis yields sensitivity and specificity exceeding 97% depending on the study (191, 228, 268).

Given that gamma cameras are much more readily available than PET scanners in much of the world and perfusion SPECT scans can be performed at a much lower cost than FDG-PET scans (191, 269–271), it is important to assess the value-added benefit of choosing PET or SPECT imaging (See Table 2). A relatively small number of studies have examined the distinction between SPECT and PET imaging in the evaluation of AD in the same patients. For example, a pivotal study by Herholz et al. (269) compared FDG-PET and perfusion SPECT in the same 26 patients with probable AD. In the key areas of the temporal, parietal, and posterior cingulate cortices, FDG-PET and SPECT yielded corresponding findings (r = 0.90) using statistical parametric analysis. Silverman (188) summarized the comparison of PET and SPECT well, noting that the sensitivity and specificity of PET and SPECT have considerable overlap. Similarly, a systematic review of studies comparing perfusion SPECT and FDG_PET in the diagnosis of AD and other dementias (199) found the two techniques quite comparable in terms of accuracy of diagnosis. The application of quantitative analysis greatly enhances both PET and SPECT. With appropriate quantitative analysis, both neuroimaging modalities can achieve high sensitivity and specificity in the diagnostic evaluation of AD and MCI, and in the differentiation of AD from LBD. Specifically, FDG-PET was found to predict the conversion from MCI to AD with a sensitivity of 70–90% and a specificity of 82.4–90% depending on the study (191, 196, 272, 273), while perfusion SPECT scans predict the conversion from MCI to AD with a sensitivity ranging from 89 to 97% and a specificity of 89–100% depending on the study (191, 196, 221, 225, 263, 274). Amyloid PET scans also should be included in this discussion given the growing number of amyloid tracers available. PET scans using amyloid-specific markers, such as florbetaben or florbetapir, yield very high sensitivity. A widely held belief is that a positive amyloid scan is 100% predictive of a progression to AD. However, specificity varies with age. A caveat for amyloid markers, regardless of the marker, is non-specific binding does occur and increases with age. Such non-specific binding occurs in ~20% of 60-year-old controls, but this increases with age to ~40% of 80-year-olds (275, 276). A recent Cochrane Review (277) found that amyloid markers predicted the progression from MCI to AD over a 4-year period with a sensitivity of 67% and a specificity of 71%. Shorter follow-up time courses yielded different metrics with a sensitivity of 89% and a specificity of 58% at 2 years (277).


Table 2. Sensitivity and specificity of perfusion SPECT neuroimaging for differentiating Alzheimer's disease (AD) from controls, vascular dementia (VaD), and fronto-temporal dementia (FTD).

[image: Table 2]



Neuropsychiatric Conditions
 
Neurotoxicity

While not addressed in the TTASAAN report (1), perfusion SPECT neuroimaging has proven valuable in the evaluation of encephalopathy and of psychiatric cases wherein toxic encephalopathy may be a contributing factor to symptomatology. Solvent-induced encephalopathy has been investigated with perfusion SPECT (109, 278–280). Perfusion SPECT revealed diffuse hypoperfusion in 94% of cases in one study (279), while CT and MRI identified abnormalities in only 7 and 29%, respectively. Perfusion SPECT reveals diffuse hypoperfusion in metal toxicity (281), mold toxicity (282), and other toxin exposure (109, 283, 284), including recreational toxins (284–290). SPECT is also beneficial in the identification and grading of severity of hepatic encephalopathy due to ammonia toxicity (291–295), even in mild cases (296), as well as for tracking progress (295). Carbon monoxide poisoning is characterized by decreased perfusion of the bilateral frontal cortex, bilateral temporal cortex, and the globus pallidus (297–301) and perfusion SPECT has been used to document these findings. To the extent that toxicity can induce symptoms which can be confused with psychiatric symptoms, perfusion SPECT can lead to clarification of the diagnosis and detoxification, rather than psychiatric pharmacology. For example, in a patient with signs of decreased frontal lobe function (e.g., ADHD, aggression, anti-social personality disorder) a perfusion SPECT finding of diffuse hypoperfusion increases the likelihood of toxicity as the true cause of the frontal lobe dysfunction (109, 110, 302).

Specifically concerning recreational drugs, perfusion SPECT imaging reveals diffuse hypoperfusion throughout the cerebral cortices, but predominately in the frontal and temporal cortices (303–307). Dopamine transporter SPECT scans (DaTscans) demonstrate the presence and availability of dopamine transporter sites (DAT). A recent meta-analysis demonstrated reduced DAT density in the striatum, as well as all areas of cortex, among abusers of cocaine, methamphetamine, and amphetamine, consistent with down-regulation of the dopamine system among stimulant abusers (308, 309). In contrast, nicotine abusers did not show decreased DAT availability (309). Similar decreases in DAT density have been reported in opiate abusers (310). Similar findings have been reported with PET tracers for the DAT (311).

Carbon monoxide (CO) poisoning warrants a separate description because of its distinct findings on perfusion neuroimaging. In addition to the acute toxic effects of CO, victims can experience delayed neurological symptoms. Often significant recovery from the acute neurological insult can occur followed by a dramatic decline in neurological function, including loss of cognitive function, behavioral changes, gait disturbances, Parkinsonian symptoms, incontinence, and aphasia (301, 312–315). In acute CO toxicity, perfusion SPECT neuroimaging can reveal decreased perfusion in the basal ganglia (300, 316–318), along with decreased perfusion of the bilateral frontal, temporal, and (to a lesser extent) parietal cortices (300, 301, 316, 318). The degree of cortical hypoperfusion can be correlated with the degree of neuropsychological impairment (300, 317, 319, 320). Often CT scans are normal, with 0% sensitivity vs. 70% sensitivity for SPECT scan in one study (309). Perfusion SPECT scans were also more sensitive (66%) than EEG (25%) in the acute setting (321).

Similarly, perfusion SPECT neuroimaging has proven useful in the evaluation of delayed neuropsychiatric sequalae of CO poisoning, as well in assessing response to treatments (301, 314, 315, 322–325). Hypoperfusion of the basal ganglia have been correlated with the well-established finding of T2 hyperintensities in the globus pallidus by MRI (314, 320, 324). Similarly, hypoperfusion in bilateral frontal and temporal cortices has been correlated with reduced anisotropy by diffusion tensor imaging (325). The degree of cerebral hypoperfusion has been correlated with cognitive impairment (299, 301, 320) and with symptomatic improvement following treatments, such as hyperbaric oxygen therapy (314, 315, 322, 325). While bilateral globus pallidus injury, edema, and necrosis are considered a hallmark MRI finding in chronic CO toxicity, not every patient manifests these severe findings. For example, in a series of 21 patients with chronic CO toxicity, 38% had abnormal MRI findings, while 67% had abnormal perfusion SPECT scans (319). This question was again examined with a group of 30 patients with chronic CO toxicity (320). MRI demonstrated greater sensitivity, while perfusion SPECT had higher specificity, positive predictive value, and negative predictive value for persistent neuropsychiatric symptoms (320).



Psychiatric Indications

The use of perfusion SPECT neuroimaging for psychiatric indications has increased significantly over the past two decades. Unfortunately, it has not been widely adopted in either nuclear medicine or psychiatry for several reasons. First unlike neurological diagnoses, which are ultimately verifiable by biopsy, there are no recognized histopathological markers for psychiatric diagnoses, which is the case with Alzheimer's disease, stroke, or other dementias. Rather, psychiatric disorders are defined by the Diagnostic and Statistical Manual of Mental Disorders Version 5 (DSM-5). Psychiatric diagnoses are based not on pathology but upon a constellation of symptoms. However, there is often tremendous range in how patient's symptoms present. For example, using the DSM-5 (326) diagnostic criteria for Major Depressive Disorder (110, 327), there are over 20 possible distinct phenotypes of this single diagnosis. The failure of clinical trials to effectively treat depression has led experts to state

“…that major depressive disorder is biologically heterogeneous, such that different treatments differ in the likelihood of achieving remission in different patients” (328).

Since psychiatry has difficulty establishing correct diagnoses and therapies, it is not surprising that perfusion SPECT has not established pathognomonic perfusion patterns.

Second, comorbidity is the rule rather than the exception in psychiatric conditions. It is difficult to identify a patient with pure bipolar disorder, for example, when the comorbidity of attention-deficit-hyperactivity-disorder (ADHD) occurs in ~57% of adult bipolar patients (329) and up to 98% of pediatric bipolar cases (330). Similarly, in depression, in addition to having a multiplicity of presentations, many depressed patients also are comorbid for anxiety in up to 60% of cases (327, 331, 332). Patients with ADHD frequently have coexisting mood disorders (59%), anxiety, oppositional disorders, or learning disorders (327, 333–336). For all these reasons, it is highly unlikely that a pathognomonic finding or a “neuroimaging fingerprint” will be found for depression, anxiety, bipolar disorder, obsessive compulsive disorder (OCD), or ADHD. Indeed, these complexities result in widespread failure of the diagnostic criteria in field testing (337).

Despite these limitations, a substantial body of research literature exists for brain perfusion SPECT in the evaluation of psychiatric disorders. In addition, hundreds of thousands of perfusion SPECT scans have been performed worldwide since the development of the technology in the 1990's. Certain patterns or highly consistent findings have been replicated in the research literature. Findings with extensive clinical correlation will be noted here.




Attention Deficit Hyperactivity Disorder

Decreased frontal lobe perfusion is a consistent finding in ADHD across multiple SPECT studies (327, 338–345) and confirmed by multiple functional MRI studies (346, 347) and infrared spectroscopy (348). For example, SPECT scans of medication-naïve children with ADHD (N = 40) were compared to normal controls using statistical parametric analysis (338). Decreased perfusion was found in the prefrontal cortex, orbitofrontal cortex, and middle temporal gyri, while increased perfusion was found in the somatosensory cortex and anterior cingulate gyri (338). With stimulant treatment, perfusion increased in the prefrontal cortex (338, 343) corresponding with clinical improvement of ADHD symptoms. Clinical experience has heavily supported these findings (109, 302, 349).

Perfusion SPECT neuroimaging also is beneficial in the differential diagnosis of ADHD. Since inattention, impulsivity, and hyperactivity are non-specific signs of frontal lobe dysfunction, it is not surprising that toxicity, concussive brain injury, incipient bipolar disorder, infection, and inflammation can produce similar symptom constellations as ADHD. SPECT can reveal these alternative causes (109, 110, 302, 349). For example, infection or toxicity likely will appear as diffuse hypoperfusion as elaborated in the section on Neurotoxicity above. Brain injury will likely appear as an asymmetrical area of hypoperfusion. In contrast, bipolar disorder will present as described in the next section.


Bipolar Disorder

In contrast, bipolar mania, which can present symptomatically like ADHD, often demonstrates increased perfusion in the frontal cortex, particularly the dorsolateral prefrontal cortex and possibly greater on the left (350, 351). Patients with bipolar mania also typically do not show the decrease in prefrontal perfusion unless they have comorbid ADHD as described above (109). While the total number of subjects studied in ADHD and bipolar disorder number <200, the clinical experience across hundreds of thousands of scans supports the correlation of these disease processes with these perfusion patterns.

Increased and asymmetric perfusion of the thalamus may serve as a possible endophenotypic pattern of bipolar disorder in the manic or euthymic states (352–354). Bipolar depression may be similar to unipolar depression in terms of decreased frontal cortex perfusion (355), but it is possible the two can be distinguished by differences in the perfusion of the thalamus and basal ganglia in the depressed state. Perfusion, whether measured by SPECT or fMRI, is increased in the thalamus in bipolar disorder (350, 353–357). It must be emphasized that these types of endophenotypic patterns may not be evident upon visual inspection of tomographic data for an individual SPECT scan. Rather, these findings may only be manifest in the statistical comparison of perfusion data to normative databases.




Depression

Over 150 studies of perfusion SPECT imaging in depression containing more than 12,100 subjects have been completed. A consistent finding in early SPECT (Xenon or HMPAO) studies of depression was decreased perfusion in the frontal, and often temporal, cortices, as well as the superior anterior cingulate gyri (358–361). Later, two distinct patterns of perfusion were recognized – decreased perfusion in typical and melancholic depression and increased frontal lobe perfusion in atypical depression (362–365). Increased perfusion in the subgenual anterior cingulate gyrus in treatment-resistant depression was first described by Goodwin et al. (366) and has been recognized as a hallmark sign of treatment resistant depression, subsequently (365, 367, 368). Remission or response to treatment is characteristically followed by increased perfusion in the affected areas (366, 369, 370). Response could be predicted by the degree of frontal hypoperfusion and of subgenual hyperperfusion. Notably, response to serotonin reuptake inhibitors was predicted by higher frontal and cingulate perfusion (368, 371, 372), while response to electroconvulsive therapy (ECT) or transcranial magnetic stimulation (TMS) was predicted by lower frontal and cingulate perfusion. Increased metabolic activity and perfusion in the thalamus (373, 374) is also a frequently reported finding in unipolar depression. Increased symmetrical perfusion of the thalamus has been consistently seen by clinicians on tens of thousands of perfusion SPECT scans.



Obsessive Compulsive Disorder

OCD is considered to result from an abnormal overactivity of a circuit involving the frontal cortices, anterior cingulate gyri, caudate nuclei and the thalami (375). Increased perfusion of the caudate nuclei and the anterior cingulate gyri have been reliable perfusion SPECT findings across 10 studies involving 196 subjects with OCD vs. 117 controls (376–385). Similar increased metabolism in these same areas has been found in studies utilizing FDG-PET (386, 387) and fMRI (388, 389). These findings were recently reviewed by Hazari et al. (390). Moreover, these findings have been consistently seen by clinicians on tens of thousands of perfusion SPECT scans.



Post-traumatic Stress Disorder

The symptom overlap between post-traumatic stress disorder (PTSD) and traumatic brain injury has complicated the correct diagnosis, particularly among military personnel (391, 392). Perfusion SPECT studies and FDG-PET studies have made similar findings in PTSD. Increased perfusion of the caudate nuclei is often found in PTSD (52, 53, 393). Another SPECT study showed that compared to controls, PTSD patients had increased cerebral blood flow in the limbic regions along with decreased perfusion in the superior frontal, parietal, and temporal regions (394). Systematic analyses of multiple regions of the default mode network involving 10,076 patients with TBI, PTSD, or both compared to 11,263 controls, revealed that PTSD resulted in increased perfusion in the basal ganglia, cingulate gyri, thalami, prefrontal cortices, and medial temporal cortices in both military (52) and civilian (53) populations. Provocation studies using perfusion SPECT, perfusion PET, and fMRI have shown increased perfusion in the amygdala, hippocampus, insula, but decreased perfusion in the medial prefrontal cortex (395–398).




DISCUSSION AND ACTIONABLE RECOMMENDATIONS

Given the major advances in our understanding of the SPECT functional neuroimaging findings for both neurological and psychiatric conditions as iterated above, the position assumed in the wake of the TTASAAN report by both the fields of Neurology and Psychiatry do not appear 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 above.

2) Replace assumptions about the inferiority of SPECT neuroimaging compared to PET, fMRI, diffusion tensor imaging, and MEG neuroimaging, particularly in the areas of dementia, TBI, seizure disorders, and neuropsychiatric indications with updated comparisons as elaborated herein.

3) Foster collaboration and communication between Nuclear Medicine physicians knowledgeable about perfusion SPECT neuroimaging and neurologists, psychiatrists, and other prescribers.

4) Improve knowledge of the technical aspects of perfusion SPECT neuroimaging to improve understanding of the limitations and strengths of the procedure. This will be addressed in Part II of this two-part series (399).

5) Revise Nuclear Medicine procedure guidelines to match the current state of the art as elaborated herein. This process has already begun with the publication of the new Canadian Association of Nuclear Medicine Guidelines for Brain Perfusion Single Photon Emission Computed Tomography (SPECT) (3).

6) Revise Neurology practice guidelines to include 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, stroke). The case is made herein that SPECT is a potent tool in the evaluation of TBI and warrants inclusion in Neurology practice guidelines based on Level IIa evidence meeting the criteria for a Type A recommendation by the standards set forth in the TTASAAN report (1) and the moral impossibility of achieving Class I evidence.

7) Revise 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) (3) 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.

8) Understand the basics of reading and interpreting a perfusion brain SPECT scan based on the findings summarized herein. This will be addressed in Part II of this two-part series (399).

Perfusion SPECT scans require rigorous technique and correct adjustment of the equipment. An enormous variability in SPECT images results from technical inconsistency. The number of brain SPECT procedures performed annually is relatively small, largely due to the small number of scans ordered by treating physicians. 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 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 will be detailed in part II of this two-part series (399).

Although the focus within the nuclear medicine community has shifted toward brain PET imaging, there currently is a growing interest in brain SPECT from the field of psychiatry as it becomes more evident that these scans can be immensely helpful in developing treatment plans for certain conditions. Moreover, with the recent introduction of new camera technologies detailed in part II of this two-part series (399), it is possible to produce images that rival FDG-PET quality with lower radiation exposure and less cost.



CONCLUSIONS

Simply put—this is not your father's Oldsmobile. The SPECT scans of the early 1990's were limited due to single-headed gamma cameras, unstable or rapidly decaying tracers, limited post-processing techniques, and absence of quantitative analysis. Twenty-five years later, SPECT scans have much greater resolution, multiple normative databases, numerous studies often with quite large sample sizes, and sophisticated post-processing software. Moreover, the introduction of a new solid-state detector system utilizing cadmium-zinc-telluride (CZT) diodes will greatly increase the resolution of SPECT and reduce the radiation dose required. These improvements will address two limitations often cited concerning SPECT. These technical aspects are detailed in Part II of this series.

The path into the future will be paved with collaborations between nuclear medicine physicians, neurologists, and psychiatrists. Hopefully, enlightened clinicians in these fields will join together to deepen their clinical experience; hence, advancing and expand our understanding of the perfusion SPECT neuroimaging correlates in neurology and neuropsychiatry yielding improved treatment outcomes as has been demonstrated in several pilot studies (109, 110, 302, 349, 400).
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Background: Following mild traumatic brain injury (mTBI), also known as concussion, many patients with chronic symptoms (>3 months post injury) receive conventional imaging such as computed tomography (CT) or magnetic resonance imaging (MRI). However, these modalities often do not show changes after mTBI. We studied the benefit of triaging patients with ongoing symptoms >3 months post injury by quantitative electroencephalography (qEEG) and then completing a brain single positron emission computed tomography (SPECT) to aid in diagnosis and early detection of brain changes.

Methods: We conducted a retrospective case review of 30 outpatients with mTBI. The patients were assessed by a neurologist, consented, and received a qEEG, and if the qEEG was positive, they consented and received a brain SPECT scan. The cases and diagnostic tools were collectively reviewed by a multidisciplinary group of physicians in biweekly team meetings including neurology, nuclear medicine, psychiatry, neuropsychiatry, general practice psychotherapy, neuro-ophthalmology, and chiropractic providers. The team noted the cause of injury, post injury symptoms, relevant past medical history, physical examination findings, and diagnoses, and commented on patients' SPECT scans. We then analyzed the SPECT scans quantitatively using the 3D-SSP software.

Results: All the patients had cerebral perfusion abnormalities demonstrated by SPECT that were mostly undetectable by conventional imaging (CT/MRI). Perfusion changes were localized primarily in the cerebral cortex, basal ganglia, and cingulate cortex, and correlated with the patients' symptoms and examination findings. Qualitative and quantitative analyses yielded similar results. Most commonly, the patients experienced persistent headache, memory loss, concentration difficulties, depression, and cognitive impairment post mTBI. Because of their symptoms, most of the patients were unable to return to their previous employment and activity level.

Conclusion: Our findings outline the physical basis of neurological and psychiatric symptoms experienced by patients with mTBI. Increased detection of mTBI can lead to development of improved targeted treatments for mTBI and its various sequelae.

Keywords: single photon emission computed tomography (SPECT), quantitative EEG (qEEG), traumatic brain injury (TBI), concussion, neuropsychiatric symptoms, post-concussion syndrome (PCS)


INTRODUCTION

There has been a lack of tools available for diagnosing mild traumatic brain injury (mTBI) objectively, therefore, the diagnosis has remained clinical using subjective signs and symptoms. mTBI is defined by the American Congress of Rehabilitation Medicine as a traumatic physiologic disruption of brain function that manifests as loss of consciousness (LOC), memory loss, altered mental state, or focal neurological deficits. Mild, by definition, means that the LOC is <30 min, Glasgow Coma Scale is 13–15 after the first 30 min, and posttraumatic amnesia resolves within the first day (1). There is also a subset of patients who have ongoing symptoms beyond the expected period. This has led to a significant amount of new research on the diagnosis, natural history, and treatment of concussion/mTBI (2, 3). We now know that mTBI and concussion affect the physical, cognitive, sleep, and emotional domains of a person's well-being and subsequent function (4). According to an ongoing study called transforming research and clinical knowledge in traumatic brain injury (TRACK-TBI) that compares the outcomes of patients with mTBI to those of orthopedic controls presenting to the ER, 52.8% of patients with mTBI suffer from ongoing functional limitations 1 year later (5).

Given the prevalence of ongoing symptoms causing functional limitations in patients with mTBI, validated and objective diagnostic and prognostic biomarkers for mTBI are needed to provide evidence-based diagnosis and treatment for patients. Previous studies on mTBI have shown that 90% of CT scans and 70% of patients receiving MRI have no findings of trauma such as subdural or subarachnoid injury (6, 7). Furthermore, these imaging techniques do not provide functional or prognostic indicators.

Research on mTBI reveals disruption in neuronal networks, which can be diffuse or focal and produces distinct clinical syndromes such as difficulty with memory, balance, and vestibular issues (8). There can also be evidence of traumatic axonal injury in mTBI, which is not usually seen on CT or MRI (9). There are helpful treatments for patients with mTBI that can improve symptoms and quality of life. Aiding in the clinical diagnosis of mTBI with qEEG and SPECT in patients with mTBI not seen on MRI or CT could improve early detection and treatment.

The literature states that quantitative electroencephalography (qEEG) and single photon emission computed tomography (SPECT) are evidence-based technologies clinically available to provide objective biomarkers for concussion (6, 10, 11).

BrainScope® One is a noninvasive class 2 medical device that measures brain electrical activity using electroencephalography (EEG), artificial intelligence (“AI”), and machine learning to assess the likelihood that a person undergoing a test experienced a traumatic brain injury. Electrical signals are received through 19 electrodes placed on different areas of the scalp. While qEEG has been used as a screening tool immediately following injury, it has also been validated as an effective screening tool for diagnosing brain injury beyond the first 72 h post-concussion in selected populations (11). qEEG was effective in showing significant changes in veterans with mTBI more than 3 months after injury (12). Conventional neuroimaging tests like CT and MRI detect structural damages by looking for presence of blood, lesions, and bone injury. EEG-based methods can detect changes in electrical patterns, giving information beyond structural injury. This information is further enhanced by a SPECT scan, which is a functional imaging technique. These technologies can provide information critical for adequately treating patients with mTBI (13).

Brain SPECT scan has been studied extensively in patients with mTBI, and investigators have noted certain patterns of hypometabolism in the posterior cingulate gyrus, parieto-occipital lobe, frontal lobe, temporal lobe, and cerebellum (14). Additionally, a prior study demonstrated the clinical utility of SPECT in predicting cognitive performance in mild traumatic brain injury, though only after blood flow quantification analysis (15).



OBJECTIVES

The primary objective of this study is to look for objective measures in the diagnosis of mTBI by analyzing case reports of patients with mTBI including clinical history, physical examination, and qEEG and SPECT imaging.


Hypothesis/Key Questions

We aimed to determine the objective basis for symptoms in subjects 18 years and older who experienced an mTBI and underwent a thorough history and physical examination, and had qEEG and SPECT neuroimaging scans. Our primary research question is: do patients diagnosed with mTBI using the Ontario Neurotrauma Foundation guidelines and with ongoing post-concussion symptoms and a positive qEEG show changes in SPECT scan that corroborate their symptoms and functional limitations?

We hypothesized that nearly all patients experiencing long-term symptoms after mTBI will have evidence of changes indicative of positive structural or functional injury, as evidenced by positive qEEG, and that these patients will have significant functional deviations from normal brain perfusion, as evidenced by an abnormal SPECT scan.

The weight of current evidence suggests that mTBI can produce lasting changes in neuro-axonal architecture and brain perfusion, which are commonly missed by routine imaging of CT and MRI but may be visible on qEEG and SPECT (10).




MATERIALS AND METHODS


Overview

We conducted a retrospective case review of 30 outpatients with mTBI who received technetium-99 m ethyl cysteinate dimer (ECD) cerebral SPECT scans in Vancouver, BC. The patients were assessed by a neurologist. If patients were diagnosed with mTBI, they would have a discussion with their neurologist about the risks and benefits of qEEG and SPECT. Participants signed a consent form at this appointment, which occurred between 2018–2020. Some patients also received an additional psychiatric assessment. We performed SPECT scans only on patients who were diagnosed with mTBI by a neurologist based on the Ontario Neurotrauma Foundation (ONF) guidelines and had qEEG that was positive for structural injury (16). qEEG was designed to evaluate signs of cerebral hemorrhage (i.e., structural injury), but we hypothesized that it could also determine signs of functional injury in mTBI, which would clinically present as persistent post-concussion syndrome (PPCS) (6). Patients who consented but had a negative qEEG were excluded from the study and did not receive a SPECT scan. Inclusion criteria for the study were (1) mTBI based on the ONF guidelines and (2) positive qEEG for structural injury. Exclusion criteria for the study were (1) artifact in qEEG or SPECT scan that renders it unable for interpretation and (2) patients who did not consent to get a SPECT scan after a positive qEEG.



Neurological and Psychiatric Examinations

The method of injury, post-injury symptoms, relevant past medical history, physical examination findings, and diagnoses were elicited from patient history during neurological and psychiatric appointments. This history was further discussed as context for SPECT images in the team meetings. The Brain Function Index (BFI) is an EEG-based quantitative tool that reflects brain electrical activity associated with TBI (17). It was scored relative to normative data using percentile. “Average or above” (A) refers to results equal to or above the 10th percentile. “Below average” (B) refers to results equal to or above the 2.5th percentile to the 10th percentile. “Clearly below average” (C) refers to results below the 2.5th percentile. Based on recent literature, patients with BFI at the 50th percentile or below were significantly more likely to experience concussive symptoms compared to those above the 50th percentile (6).

Cognitive function was further assessed at the neurological visit through the Montreal Cognitive Assessment (MoCA), as well as through Complex Reaction Time and Match to Sample neuro-cognitive assessments, both of which were built into the qEEG device. In the Complex Reaction Time test, the patients were given a tablet and asked to press the left side of the screen if a number 2 or 3 appeared, and the right side of the screen if a number 4 or 5 appeared. In the Match to Sample test, the patients were briefly shown a pattern of colors on a grid, and after the pattern disappeared, they were asked to match that pattern to one of two options. Performance on the two neuro-cognitive tests was scored relative to normative data by percentile. “Average or above” (A) refers to results at or above the 10th percentile. “Below average” (B) refers to results between the 3rd and 9th percentile. “Clearly below average” (C) refers to results in the 2nd percentile or below.



Analysis Meetings

During biweekly focus group virtual meetings, SPECT images for each case were reviewed by 5-10 clinicians specializing in one of the following: neurology, nuclear medicine, psychiatry, general practice psychotherapy, neuropsychiatry, neuro-ophthalmology, and chiropractic. Each clinician had extensive experience reviewing SPECT scans for TBI and over 10 years of clinical experience. The team discussed the method of injury, post-injury neurological and psychiatric symptoms, relevant past medical history, physical examination findings, and diagnoses, and commented on the patients' SPECT scans. Two research assistants recorded the reported findings and SPECT scan commentaries (Supplementary Table 1). We then made a note of the qEEG BFI percentile score for each patient and calculated the overall average for the group. We, the authors, represent the multidisciplinary team in the writing of our findings.



Post-meeting Analysis

For our qualitative analysis, the following terms used to describe cortical blood flow in brain surface SPECT imaging denote regions of hypoperfusion: “hypoperfused”, “cold”, “down”, “injury”, “damage”, “dinge”, “divot”, “notch”, “scalloping”, “flattening”, “lesion”, and “hole”. The following terms used to describe blood flow in the deep brain imaging denote regions of hyperperfusion: “hyperperfused”, “warm”, and “hot”. “Scalloping” was commonly used to describe patches of hypoperfusion over the cortex (Supplementary Table 1). Additionally, we interpreted the images in the context of extensive clinical experience, as well as knowledge of previous studies examining normal ECD-SPECT brain perfusion patterns and the 3D-SSP (Minoshima) database of healthy controls (18, 19).

For our quantitative analysis, we compared the perfusion patterns of subjects in our study to the 3D-SSP database of healthy controls. The reconstructed and attenuation-corrected SPECT data are spatially normalized with the 3D-SSP application, transforming the slices into Talairach space. Comparison against the included age-matched ECD database produces positive and negative Z-score images that provide localization and severity information for hyper- and hypoperfused areas, respectively. We applied a threshold of +/−2 standard deviations to show the localization and extent of the abnormalities.



Ethics

Ethical approval for the study was obtained in November 2020 via Veritas Independent Review Board (IRB tracking number: 2020-2451-3468-3).




RESULTS


Patient Characteristics

The mean age at the time of assessment of the 30 patients (21 males and nine females) was 46 years old. All the patients suffered a traumatic brain injury and were diagnosed with mTBI. The patients were given SPECT scans an average of 547 days (~1.5 years) after their accident. We classified the mechanism of injury into motor vehicle accident (MVA) as driver/passenger (n = 21), MVA as pedestrian (n = 4), MVA as cyclist (n = 4), MVA as motorcyclist (n = 1), or other/injury from falling object (n = 2) (Table 1).


Table 1. Summary of findings and visual single positron emission computed tomography (SPECT) interpretation.
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Symptom Types

During the neurological assessment, the patients described persistent post-injury symptoms.

The most common symptoms included headaches in 29/30 patients (97% of total patients), memory loss in 29/30 (97%), difficulty with concentration in 29/30 (97%), depression/low mood in 26/30 (87%), dizziness in 23/30 (77%), neck pain in 22/30 (73%), anxiety in 22/30 (73%), irritability in 22/30 (73%), and sleep difficulty in 22/30 (73%).



Effect on Employment, Recreational and Social Activities, and Household Chores

We determined whether the patients returned to employment, social activities, recreational activities, or household chores and in what capacity. At the time of injury, 29/30 (97%) patients were fully employed or on short-term leave. None (0%) of the patients fully returned to their employment. Twelve (40%) of the patients returned to work with a limited or modified capacity. Seventeen (57%) of the patients did not return to work in any capacity. Five (17%) of the patients made a full return to social activities. Eleven (37%) of the patients returned to social activities with a limited capacity. Eleven (37%) of the patients were not able to return to any social activities. Three (10%) of the patients had an undetermined return to social activity status.

Three (10%) of the patients fully returned to recreational activities. Eight (27%) of the patients returned to their recreational activities with a limited capacity. Seventeen (57%) of the patients did not return to any recreational activities. Two (7%) of the patients had an undetermined return to recreational activity status.

All the patients at the time of injury were able to complete household chores with no limitations. Eight (27%) of the patients were able to fully return to household chores. Fifteen (50%) of the patients were able to perform household chores with a limited capacity at the time of assessment. Seven (23%) of the patients were no longer able to complete household chores in any capacity.



MRI and CT

Among the 30 cases, 24 received either CT or MRI, or both after their injury. Fourteen (78%) of the patients who received a CT scan had a negative or entirely normal scan. Eight (73%) of the patients who received an MRI scan had a negative or entirely normal scan. On review of CT and MRI reports interpreted by board-certified radiologists, scans that were reported as “positive” were within the realm of normal and had only minor changes, but with the exception of two. The first was a subdural hemorrhage. The second was a finding of swelling that promptly resolved with treatment before the SPECT scan was completed. While these patients had normal results on conventional imaging, 100% of the patients had an abnormal SPECT scan and qEEG, largely showing evidence of perfusion abnormalities related to mTBI. Additionally, there was no evidence of potentially confounding, significant cerebral atrophy in these patients; they were too young and did not have a prior diagnosis consistent with atrophy (i.e., Alzheimer's disease).



Cognitive Testing

After injury, the neurologist determined whether a formal cognitive assessment was indicated. Fifteen of the 30 patients received a Montreal Cognitive Assessment (MoCA). The average MoCA score in the case series was 21.8/30. Of the 15 patients who received a MoCA, 10 (67%) had an abnormal result, indicating some form of cognitive impairment (i.e., score below 26/30). Twenty-seven of the 30 patients received further neuro-cognitive testing. On the Complex Reaction Time assessment, eight patients scored “average or above”, four patients scored “below average”, and 15 patients scored “clearly below average”. On the Match to Sample assessment, nine patients scored “average or above”, three patients scored “below average”, and 15 patients scored “clearly below average”. Therefore, on both neuro-cognitive assessments, 15/27 (56%) of the patients scored in the 2nd percentile or below compared to a normative sample. These scores are evidence of severe neuro-cognitive impairment post mTBI. Premorbid cognitive ability was not determined. We used the patients' employment status as a proxy for premorbid level of cognitive functioning.



qEEG and SPECT Analysis

Among the 30 cases, the mean Brain Functional Index, as found by qEEG, was in the 38.8th percentile. This result falls within the “average or above” category based on the test and comparison to normative data. Twenty-six patients (90%) were in the “average or above” BFI category, 4 (13%) in the “below average” category, and 0 (0%) in the “clearly below average” category. Additionally, all the patients tested positive for structural injury on qEEG.

We categorized the SPECT findings into regions of cerebral hypoperfusion or hyperperfusion. The following cortical brain regions were most commonly hypoperfused: temporal lobe (29/30, 97%), frontal lobe (28/30, 93%), cerebellum (18/30, 60%), and parietal lobe (15/30, 50%). The following deep brain structure regions were most commonly hyperperfused: basal ganglia (20/30, 67%), anterior cingulate gyrus (15/30, 50%) thalamus (11/30, 37%), and posterior cingulate gyrus (6/30, 20%). In a systematic review of SPECT perfusion patterns after mTBI, the frontal lobe (94%), temporal lobe (77%), parietal lobe (74%), occipital lobe (52%), and cerebellum (25%) were the most common regions with abnormality. The frequency of hypoperfused areas in our study are similar (10). The areas of hyperperfusion in our study may be related to subsequent psychiatric sequelae. The patients were found to have various neurologic and psychiatric diagnoses only after a complete neurologic and/or psychiatric evaluation. Although SPECT scan findings may suggest the possibility of additional diagnoses, this would require further clinical assessment.



Quantitative SPECT Analysis

We analyzed the brain SPECT scans using the 3D-SSP software and quantitative methods described. Remaining clinically relevant to mTBI patterns of injury, we evaluated 5 major brain regions for presence of hypoperfusion. Hypoperfusion is defined as a cluster of pixels on brain SPECT scan that falls below 2 standard deviations from the perfusion value of the normal 3D-SSP database. We found similar numbers of patients with patterns of hypoperfusion for each brain region in both visual and quantitative analyses (Table 2). Our quantitative analysis demonstrated the following number of patients out of the sample of 30 with patterns of hypoperfusion in each of the five major brain regions: frontal lobe (30), temporal lobe (30), parietal lobe (21), occipital lobe (9), cerebellum (7).


Table 2. Comparison of visual and quantitative SPECT interpretations of hypoperfused brain regions.
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Sample Case of 3D-SSP Analysis

This patient was a 58 year old male pedestrian involved in a motor vehicle accident (MVA) in November 2018. After his MVA in 2018, he had constant headache, neck pain, numbness in the 4th and 5th digits of his hands bilaterally and all of his toes, tinnitus, dizziness, trouble sleeping, decreased sense of taste, depression (23 on PHQ9), and exacerbation of his rheumatoid arthritis. He was unable to return to work, household chores, or recreational activities, and had trouble singing as he could not remember song lyrics. On neurological examination, he had decreased sense of smell, positive Romberg, bilateral convergence insufficiency, and essential tremor.

Using 3D-SSP analysis of the above patient (Figure 1), we found significant hypoperfusion (greater than two standard deviations below the level of perfusion in the normal comparison) in the frontal, temporal, and occipital lobes.


[image: Figure 1]
FIGURE 1. Representative patient case. The first row of images shows different levels of perfusion relative to the maximum perfusion level in the brain (occipital lobe in ethyl cysteinate dimer, ECD). In the second row of images, we compare the patient to the average of normal scans in the database. Hypoperfusion is in blue, and hyperperfusion is in red; only pixels >2 standard deviations from normal are shown. In the third and 4th rows of images, we represent the positive and negative Z-scores, which outline the regions of heightened and diminished perfusion relative to control.





DISCUSSION

In this study, we demonstrate the usefulness of qEEG and SPECT scans in patients diagnosed with mTBI. qEEG and SPECT were more sensitive than conventional imaging (CT/MRI) in detecting cerebral changes in our case series of patients diagnosed with mTBI: SPECT identified changes in cerebral perfusion in 100% of the patients who had negative CT and/or MRI but had a positive qEEG for structural injury. Our quantitative analysis conducted using the 3D-SSP software yielded similar results to our visual interpretation, and all the 30 subjects demonstrated areas of significant hypoperfusion in the frontal and temporal lobes, a finding consistent with mTBI (10). Therefore, we can conclude that in our case series, qEEG and SPECT were superior to the gold standard of CT and MRI in detecting brain changes after mTBI. We did not find any instance where CT or MRI was more informative than qEEG and SPECT in our case series. Additionally, in the cases where CT/MRI and SPECT were abnormal, SPECT provided different information. It highlighted very specific brain areas linked to functional and behavioral changes. This allowed for the clinicians to better understand these manifestations and subsequently propose a potential treatment targeted to the specific brain perfusion abnormality.

Access to SPECT scan is limited in Canada, and these scans use radioactive tracers. Because of these limitations, we cannot send every patient with mTBI for a SPECT scan. Therefore, qEEG can help determine which patients should be sent for SPECT imaging for further characterization of the injury and treatment implications.

By corroborating the symptoms and functional limitations reported by patients with mTBI using the qEEG and SPECT scan qualitative and quantitative analysis techniques, we outline the physical basis of neurological and psychiatric symptoms experienced by these patients. This has important implications, as we outlined that undetected mTBI can lead to severe consequences in productivity and functional ability. The fact that none of the patients were able to make full return to employment and very few to social, recreational, and household activities outlines the severity of consequences of “mild” traumatic brain injury. The SPECT and qEEG evidence shows that these patients have abnormal brain perfusion patterns consistent with mTBI, which can lead to many neurological and psychiatric symptoms. Our findings are in line with the weight of current evidence, which suggests that mTBI can lead to lasting changes in neuro-axonal architecture and brain perfusion, which are commonly missed by the routine imaging of CT and MRI but may be visible on qEEG and SPECT (6, 7, 9, 10, 14).

The findings in our case series may have implications in patient treatment. SPECT outlined the areas in the brain of our patients with most significant disturbance. This aids both in diagnosis and prioritizing issues, so patients can be followed by the most appropriate specialist. This was also the case in a previous study where SPECT was used to differentiate PTSD from TBI based on different cerebral blood flow pattern; thus, it can be used to evaluate and differentiate between neurological and psychiatric conditions (20). There are established cerebral perfusion patterns consistent with a history of TBI, as well as other psychiatric conditions. In our case series, all the patients had a pattern consistent with mTBI. Given that most patients have other comorbidities, SPECT can be useful to differentiate which conditions are present in a patient (20–22). While many patients had SPECT findings that were expected based on their history and physical examinations, not all scans were correlated with all symptoms. For example, some patients had symptoms of depression or anxiety but no evidence of depression and anxiety on SPECT, as compared to previously established SPECT findings in patients with psychiatric conditions, as well as the Canadian Association of Nuclear Medicine (CANM) SPECT guidelines (22, 23). This suggests an alternate explanation for the symptoms rather than a primary mood disorder, such as inability to function. If patients are experiencing mood dysregulation because of functional decline, medications that can dampen the activity in the frontal lobe may be less effective. With further study, SPECT has the potential to inform decisions for improved targeted treatments for neurological and psychiatric sequelae of mTBI.

The similarity between the visual and quantitative analyses determined using the 3D-SSP program supports our proposed systematic approach of brain SPECT analysis. The discrepancies could be partially explained by the inclusion of “global” hypoperfusion to reflect the author's overall visual impression of the image, as we do not have a quantitative equivalent. Our selected patient case (Figure 1) illustrates a picture of mTBI both clinically through his symptoms post MVA, and through imaging by analysis using 3D-SSP when comparing to normal controls. The rest of our sample showed similar patterns of hypoperfusion in the frontal and temporal lobes consistent with mTBI.

Our study has some limitations. Although symptom severity and type were correlated with the SPECT findings, further studies and larger sample sizes are still required. We also did not have access to any previous scans that the patients had before injury occurrence. Our case series only studied patients with positive qEEG, and we did not have controls with negative qEEG, which would be a valuable comparator to see SPECT changes in this population. Additionally, confounding factors for patient SPECT scans include injury mechanisms like acceleration-deceleration traumas and comorbidities like depression, chronic alcohol use, certain medications, chronic pain, and other factors that can alter SPECT scans. Moreover, SPECT findings could be altered by injury mechanisms and comorbidities like psychiatric illnesses.

We suggest further studies using a systematic approach of interpreting brain SPECT imaging based on clinical context: conducting an in-depth neurological and psychiatric clinical history evaluation and examination, and imaging only those with a positive qEEG screening result for brain injury. The qEEG used as a screening tool, akin to an electrocardiogram (ECG) used in patients with chest pain when deciding who to take for an angiogram, enhanced the clinical utility of SPECT and limits unnecessary radiation exposure.
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Bipolar disorder is a significant mental illness affecting over 4 million people in North America and approximately 46 million worldwide. While the onset of bipolar disorder is typically in late adolescence and early adulthood, the correct diagnosis can be delayed for several years. This delay can result in inappropriate pharmaceutical interventions, loss of career or productivity, suicide, family hardship, and unnecessary expense. Moreover, prolonged untreated or inappropriately treated bipolar disorder may cause damage to the brain. Early diagnosis is a critical need to circumvent the damage, suffering, and expense caused by the current delay. Brain perfusion single photon emission computed tomography (SPECT) neuroimaging reveals visual correlates of brain function. Herein, a family cohort all with bipolar disorder is described and their symptoms correlated with findings on the individual SPECT brain scans. The family consisted of two parents and three children (one female). The scans were interpreted by a panel of experts. Then a post hoc region-of-interest (ROI) analysis was conducted on SPECT data normalized to the cerebellum maximum with comparison to similarly normalized data from a normative sample. These findings support two distinct patterns of SPECT perfusion scan changes that can be found in individuals with bipolar disorder. In addition, these findings indicate that SPECT scan findings may be predictive of individual risk for progressing to symptomatic bipolar disorder. While preliminary, the findings in this cohort support the need for larger, diverse cohort studies of bipolar and control subjects to assess the predictive value of these particular SPECT perfusion findings in bipolar disorder.

Keywords: biomarker, thalamus, psychiatry, perfusion, prodromal, seizure, single photon emission computed tomography, ADHD


INTRODUCTION

Bipolar disorder is a spectrum of mood disorders with significant morbidity. Bipolar I disorder, previously known as manic depressive disorder, is characterized by one or more manic episodes, alternating with episodes of depression or euthymia. Bipolar II disorder is characterized by cyclic episodes of hypomania alternating with episodes of depression or euthymia. A third presentation, referred to as a “Mixed State,” features negative feelings of depression along with agitation, restlessness, or a “wired” state of mania. Besides these three defined entities, the spectrum of mood disorders with a cyclic component is broad and diverse. Bipolar disorder has a prevalence of 1%, which equates to approximately 46 million patients worldwide (1). In North America, the prevalence is approximately 1–1.5% (2) or approximately 4 million people.

While the onset of bipolar disorder is typically in late adolescence and early adulthood, the correct diagnosis can be delayed for several years. Retrospective studies in multiple nations have shown delays of greater than 5 years between the onset of symptoms and the correct diagnosis (3–6). However, some studies have shown delays of greater than 10 years (6–8). In addition, patients are often initially treated with antidepressants or stimulants (5, 9–11), which can lead to exacerbation of symptoms, manic episodes, and a worsening of the course of the illness. For example, antidepressant monotherapy is associated with increased incidence of manic episodes and suicide (12, 13). This diagnostic delay can take on more serious consequences in the case of early-onset bipolar disorder among children. Treatment with stimulant medications for presumptive attention-deficit/hyperactivity disorder (ADHD) can lead to mania, hypomania, or accelerated cycling (12, 14–18). Alternative treatments for ADHD, such as atomoxetine, have also been shown to precipitate mania in children (19, 20). Early diagnosis and differentiating bipolar disorder from ADHD are key steps in reducing later morbidity.

Bipolar disorder is the 12th leading cause of disability worldwide (21). Untreated bipolar disorder leads to impaired ability to work, difficulty maintaining relationships, and academic failure (7, 22). Being untreated or incorrectly treated (due to misdiagnosis with unipolar depression) amplifies the already heavy burdens associated with bipolar disorder. Despite treatment, patients with bipolar disorder have higher healthcare costs, more frequent emergency room visits, more frequent hospitalizations, and more frequent psychiatric appointments (23, 24). Despite treatment, patients with bipolar disorder also experience higher rates of unemployment (25) lower levels of work productivity (26), and higher rates of short-term disability (24). Patients with bipolar disorder are more likely to have comorbid medical problems and a shorter lifespan (27, 28). Furthermore, patients with bipolar disorder are more likely to fail to adhere or comply with a medication regimen long-term. Multiple factors underlie this tendency toward non-adherence, including impulsivity, personality traits, anxiety, substance use, beliefs, and impaired insight (29). Adherence issues created added costs for both patients and providers/systems (29). The individual medical expenses associated with bipolar disorder are estimated to range from $11,000–$46,800 (USD) annually (24). The direct and indirect costs of bipolar disorder have been estimated at between $194–$219 billion (USD) annually in the United States (23, 27).

Altogether, the diagnostic delay can result in inappropriate pharmaceutical interventions, loss of career or productivity, family hardship, suicide, and unnecessary expense. Moreover, prolonged untreated or inappropriately treated bipolar disorder may cause damage to the brain (30). Early diagnosis is a critical need to circumvent the damage, suffering, and expense caused by the current delay in diagnosis and treatment.


Can Neuroimaging Provide a Biomarker?

Given the substantial overlap of symptoms between bipolar disorder, unipolar depression, ADHD, and oppositional defiant disorder (ODD), a biomarker for bipolar disorder would be invaluable. Short of a definitive molecular biomarker, neuroimaging findings which are consistent and predictive would aid the diagnostic process. It is important to understand that the predictive value of a neuroimaging finding need not be perfect. A marker with reasonably high sensitivity and specificity (>75%) would be sufficient to warrant pharmacological interventions targeting a bipolar phenotype. Since the medications to treat bipolar disorder include several with very low risks and side effects, the danger of making an incorrect pharmacological choice also is low. On the other hand, in the case of localizing a seizure focus for surgical ablation, high sensitivity and specificity would be paramount. Nevertheless, positron emission tomography (PET) for localizing seizure foci has a sensitivity of 65–95% and a specificity of 90–95% (31, 32). Hence, it is not unreasonable to explore neuroimaging markers for bipolar disorder that would expedite reaching the correct diagnosis and treatment even if they lack perfect 100% sensitivity and specificity. Certain findings that we have consistently observed in our clinical practices utilizing single photon emission computed tomography (SPECT) neuroimaging in the evaluation of literally thousands of patients with bipolar disorder also have been described in the research literature.



Perfusion SPECT Findings in Bipolar Disorder

SPECT neuroimaging has demonstrated moderate consistency across multiple studies in both depressed and manic states. Early perfusion SPECT studies utilizing 133Xenon gas focused only on cerebral cortex (33–37) and found decreased frontal lobe perfusion during bipolar and unipolar depression. With the advent of stabilized tracers, such as 99m Tc-ethyl cysteinate dimer (ECD) and 99m Tc-hexamethylpropyleneamine oxime (HMPAO), additional observations became evident. Decreased frontal lobe perfusion is widely reported in bipolar depression (38–43). In contrast, mania can present with more profound hypoperfusion in the orbitofrontal cortex and the anterior temporal lobes (42, 44). Moreover, a left-right asymmetry has been reported by some (36, 45, 46). This asymmetry also can be found in the thalami (42, 47–49). For example, Juckel et al. (50) described a case of bipolar disorder with ultrarapid cycling that received a SPECT scan during a manic phase and again during a depressive phase (within 48 hours). During the manic phase, thalamic perfusion was markedly elevated and asymmetrical. On the following day, when the patient was in a depressed phase, thalamic perfusion was less asymmetrical (50).

Lithium withdrawal frequently precipitates mania and was used to elucidate mood and perfusion changes in a sample of 7 patients converted from a euthymic state (on lithium for over one year) to a manic state. Perfusion increased in the posterior temporal and parietal cortices (51). Recently, perfusion SPECT scans were examined in a group of patients with bipolar I during a manic episode and 6 months later (52). A sample of 10 patients with bipolar mania (diagnosed based on DSM-IV criteria and an elevated Young Mania Rating Scale score) underwent perfusion SPECT with statistical comparison to a normative database. Overall, perfusion was increased more in the right hemisphere than in the left hemisphere. Compared to the normative database, perfusion was elevated throughout the cerebral cortices, including the frontal lobes. The perfusion in the temporal poles bilaterally stood out as markedly elevated. At 6-month follow-up, the patients were all euthymic. Perfusion was still elevated in the bilateral temporal and parietal cortices, but the bilateral frontal cortices showed lower perfusion than the normative database. Notably, the asymmetry still was present (52). Our extensive clinical experience spanning decades and tens of thousands of SPECT scans support the consistent finding of asymmetry in the cortex and, prominently, in the thalamus (48).



Other Neuroimaging Modality Findings in Bipolar Disorder

Other neuroimaging modalities provide supporting evidence. PET neuroimaging using 18F-fluorodeoxyglucose (FDG) to visualize regional glucose uptake as a measure of regional brain activity have shown the thalamus to be involved in mood disorders. Milak et al. (53) examined FDG PET scans of 298 medication-free patients with depression. They performed factor analysis to correlate brain activity with various factors of the Hamilton Depression Rating Scale. Increased metabolism in the thalamus, as well as the subgenual anterior cingulate, subgenual basal forebrain, posterior cingulate, and ventral striatum correlated positively with the emotional metrics of depressed mood, guilt, suicidal ideation, helplessness and hopelessness. In contrast, psychotic symptoms endorsed on the Hamilton Scale did not correlate positively or negatively with any brain region, while the symptoms of low motivation correlated with the dorsolateral prefrontal cortex, but not with the thalamus. Brody et al. examined metabolism changes in 24 patients at baseline and after treatment for depression (54). When compared to a control cohort of 16 subjects, patients with depression showed higher metabolism in the bilateral thalamus, as well as the prefrontal cortex and striatum. They also noted that decreases in the Hamilton Depression Scale score were correlated with decreases in thalamic metabolism. Ketter et al. (55) examined treatment-resistant, rapid-cycling bipolar disorder patients compared to age-matched healthy controls using FDG-PET. They found that bipolar disorder was characterized by increased metabolism in the thalamus, striatum, and right amygdala, but decreased metabolism in the frontal cortex (55). Also, they noted an increase in cerebellar metabolism, which appeared to be independent of mood state.

PET perfusion studies of bipolar mania using 15O-H2O also found hypoperfusion of the orbitofrontal cortex (56) but increased anterior cingulate perfusion (57). Similarly, fMRI studies show increased perfusion in multiple cortical areas and the thalamus, in combination with decreased ventral frontal cortex perfusion (most often more severe on the right), has been reported in unmedicated bipolar disorder patients while performing a motor task (58). Similar fMRI findings have been reported in a number of studies, as well as phase-dependent changes, such as increased thalamic perfusion (greater on the left) during mania and decreased asymmetric perfusion of the ventral frontal cortex (59). Altogether, these findings are consistent with an asymmetrical dysfunction within prefrontal-striatal-thalamic and amygdala-thalamic-cortical circuits, as well as the ventral striatum-limbic-thalamic circuit, which are believed to underlie the pathophysiology of bipolar disorder (59, 60).



A Clinical Pearl

In the present study, a diverse group with extensive experience reading and interpreting SPECT scans focused attention on a retrospective review of a single family in which every member manifested mood disorder symptoms. The SPECT neuroimaging findings in each member of this family demonstrated findings we have typically seen and associated with bipolar disorder in our diverse and international practices – namely, increased asymmetrical perfusion of the thalamus and increased asymmetrical perfusion of the cerebral cortices. This unique nuclear family – all with the diagnosis of bipolar disorder and providing perfusion SPECT scan data – is a first inroad into defining a working hypothesis about potential neuroimaging biomarkers for bipolar disorder.

In addition, these findings are presented herein using a novel display methodology and subjected to quantitative analysis using a novel method, both of which are described in detail in the methods, due to their innovation.




MATERIALS AND METHODS

The method of analysis of the SPECT scans for interpretation and the search for similarities was by expert consensus panel. The scans were presented to a group of clinicians from diverse backgrounds that all had extensive experience with the interpretation of SPECT scans. The group included four nuclear medicine physicians, one general psychiatrist, one child/adult psychiatrist, one psychiatrist cross-trained in nuclear medicine, and one general practitioner with advanced training in psychiatry. The physicians practice in either the United States, Australia, or Canada. Collectively the committee has read/interpreted/analyzed over 61,700 perfusion SPECT scans. Specifically, they are: Dan Pavel, MD (over 20,000 scans); John Michael Uszler, MD, MS (over 10,000 scans); Theodore Henderson, MD, PhD (over 20,000 scans – over 14,000 scans in published articles); Phil Cohen, MD, FRCPC (over 3,000 scans); J. Cardaci, MBBS, FAANMS, FRACP (over 4,000 scans); Yin-Hui Siow, MD, FRCPC (over 3,000 scans); John F. Rossiter-Thornton, MB, FRCPC (over 800 scans); Mary McLean, MB, ChB, FRCP (over 600 scans); Muriel J. van Lierop, MBBS, MDPAC(M) (over 300 scans) (61–65).

The patients were all members of a single family in the clinical practice of one of the authors (MML). The SPECT scans were performed as part of the ongoing assessment and treatment of these patients, each of whom was diagnosed with bipolar disorder. As such, the symptom data collected on these patients was not quantitative, nor systematic. Rather, it was clinical records of the assessment and management of these patients. The study is retrospective and naturalistic in that regard. However, the analysis of the scans utilized modern displays and interpretation by a group of clinicians with the experience of collectively interpreting thousands of SPECT scans. A subsequent post hoc regions of interest (ROI) analysis was performed comparing the results of the family cohort to a group of non-aged-matched patients who did not have the diagnosis of bipolar disorder.

Each family member’s case was presented to the group via monthly electronic conferences. A detailed history of the patient was provided verbally without identifying information. Then the de-identified SPECT scan results of that patient were shown and discussed by the group. The SPECT images were presented first in tomograms (horizontal, coronal, and sagittal) displayed in a polychromic color scale based on normal physiological cerebral perfusion. Then the scan results were shown in 3-dimensional displays wherein cortical perfusion falling below 60% of cerebral maximal perfusion presents as holes or depressions. Lastly, the results were displayed as a 3-dimensional model using the polychromic color scale. During the discussion, all displays were accessed and deliberated upon until a consensus opinion was reached.


Scanning Protocol

The scans themselves were performed at Mt. Sinai Hospital, Toronto, ON. The nuclear medicine department followed standard imaging procedures. The patient was positioned under dimmed lights lying supine. An intravenous line was started. The HMPAO was administered after allowing the patient to rest quietly for at least 5 minutes. After a 30-minute washout period, the patient was placed in a Picker Prism 3000 three-head gamma camera equipped with a low-energy, ultra-high resolution fan beam collimator. A step and shoot method of acquisition was used with 120 steps, 3 degrees per step, using 128 × 128 matrix and continuous acquisition. Approximately 22–30 seconds per stop yielded 3–4 million counts for each scan. The data was then passed through a ramp backprojection filter and a 3D Butterworth filter (order 5.0, cutoff frequency 0.2–0.3 cycle per pixel). Non-neural structures were masked. Attenuation correction was applied by the method of Chang (66, 67).



Analysis and Display Protocols

The data was then processed using a proprietary method (Good Lion Imaging, Columbia, MD, United States). Briefly, this methodology visualizes the reconstructed data of a brain SPECT scan in three distinct but complementary displays. Extra-cerebral activity is masked from the volumetric data and the data is scaled to the maximum value in the brain. Each display is designed to assist the reader in easily extracting the key perfusion information necessary to arrive at a consistent and meaningful interpretation. The display has the following features: (1) The standard set of 2-D orthogonal slices (horizontal, coronal, sagittal) are displayed in a unique color scale with 21 discrete, equal width, color steps in a geographic progression which allows for a semi-quantitative evaluation. The color scale includes a threshold setting at 40% of maximal perfusion within the brain (usually cerebellum) to suppress background activity which otherwise would distract from the usable information. This threshold setting is the floor of the first color step. A 4th slice orientation along the temporal lobe axis is provided to visualize the distribution within this lobe in a more natural way. (2) The so-called multi-volume threshold display is a 3-D presentation of the volumetric data in 6 orientations using four different iso-contour thresholds. The lower two thresholds of 55% and 65% of maximal brain perfusion, respectively, help in identifying areas of hypo-perfusion as well as their extent. The upper two thresholds of 85% and 90% of maximal brain perfusion, respectively, help to identify possible areas of hyper-perfusion. (3) A set of 3-D surface projections mapping the maximum cortical activity on a surface rendering of the brain. This display is somewhat analogous to the polar plot in cardiac imaging, providing an overview of brain activity distribution in a single view. These 3-D displays have the advantage of illustrating both subtle widespread cortical abnormalities, as well as illustrating general patterns of both hypoperfusion, but, in particular, increased perfusion, in a manner more easily appreciated compared to tomograms. The latter two displays, while presented in a static form, can also be made available in a dynamic, rotating cine format, to enhance the 3-D impression which are extremely useful in communicating the imaging results to the referring clinicians. See Figure 1 for illustrative example.
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FIGURE 1. Perfusion SPECT scan of normal control. (A) Horizontal tomograms from a 99m Tc-HMPAO perfusion SPECT scan spanning much of the brain from near superior surface to lower cerebellum (see locator images). (B) Coronal tomograms spanning from anterior margin of cerebellum to anterior cingulate (see locator images). The color scale is scaled relative to the patient’s mean cerebral perfusion. Mean blood flow (72%) is in yellow. Color shifts occur at approximately every 0.5 SD (3%) relative to the patient’s mean. Details of the brain can be appreciated, including the thalamus, head of the caudate nuclei, lentiform nuclei, anterior cingulate gyri, and distinct cortical regions. The perfusion of the thalamus (white with black central dot), right caudate (on the left side of the tomogram), visual cortex and cerebellum are highest in this example. (C) The modern SPECT scan displayed in 3-dimensional reconstruction. Right lateral (RLAT), left lateral (LLAT), Vertex, and underside views are provided. The color scale is the same as panel (B). (D) Isocontour representations of the SPECT data in 3 dimensions. Surface isocontour representations allow visualization of areas of decreased cortical perfusion. Areas in which perfusion falls below 60% of the maximal cerebral blood flow appear as depressions or holes depending on how far below 60% the perfusion falls. Wireframe representations allow visualization of areas of increased perfusion. Areas with perfusion at 85% of the maximal cerebral blood flow appear in green, while areas at 90% of maximal cerebral blood flow appear in red. It is evident that the thalamus, right caudate, cerebellum, and visual cortex are perfused at 90% of maximal cerebral blood flow. This corresponds to what is seen in the tomograms.




Post hoc Regions of Interest Analysis

A post hoc ROI analysis was conducted to provide a secondary confirmation of the expert consensus visual interpretations. A total of 67 ROIs were uniquely developed based on atlas normalized SPECT and MRI datasets. This set of region templates was then applied to each scan after Talairach transformation using the Neurostat software (68) and normalization to the cerebellar maximum. Median and maximum counts for each region were determined. The data were presented in bar graph form to visualize the regional activity on a scale wherein the cerebellar maximum equaled 100% for each patient for each scan. Then, the median count value of a normative sample for each ROI was indicated by a white horizontal line on the bar. Similarly, the maximal count value of a normative sample for each ROI was indicated by a red horizontal line on the bar. This allowed the simultaneous comparison of the counts in each ROI relative to the patient’s own cerebellar maximum counts and to the median and maximum of the normative sample. The intent of this counts-based ROI analysis was to perform a semi-quantitative post hoc recheck of the committee’s findings which were derived from visual reading of the scans, not as a stand-alone analysis.

An abbreviated history and key scan findings will be presented here for each patient in the family case series, followed by extrapolated results on the SPECT neuroimaging findings in bipolar disorder.




RESULTS

The family consisted of five members. The father (Patient A) was scanned in 2009 at age 47. The mother (Patient B) was scanned in 2012 at age 48. The oldest daughter (Patient C) was scanned in 2009 at age 10 and again at age 15 (2014). The older son (Patient D) was scanned in 2012 at age 10 and again at age 13. The younger son (Patient E) was scanned (in 2012) at age 6 and again at age 9. Each patient’s case history and scan analysis will be presented in turn. A SPECT scan from a patient without psychiatric conditions is shown in Figure 1 for comparison purposes.


Patient A

Patient A (the father) grew up in rural Ontario with a mother who was housebound and a father with alcoholism. He displayed numerous signs of mania and hypomania as a child. He leaped off a cliff when he was 12 years old, engaged in heavy drinking and glue-sniffing, and arrived drunk at a school function and danced about the gymnasium with a teacher’s wife at age 14. He left home upon high school graduation and was estranged from his father. He struggled with depression and suicidal ideation in college.

When he first presented for treatment, Patient A was 38 years old. He had participated in psychotherapy for several years and had started Paroxetine one year prior. His mood had worsened on Paroxetine and it was discontinued. Nevertheless, depression and anxiety escalated, and notably, he developed verbal aggression, which was out of character. The patient had an inconsistent work history, characterized by periods of intense activity alternating with periods of listlessness, procrastination and anxiety. The patient commented, “I groove on adrenaline and anger.” Suspecting a bipolar mixed state, the clinician started Moclobemide (reversible MAO-I). The patient experienced a significant reduction in aggression and irritability, as well as reduced alcohol use and risky behavior. After one year, Moclobemide was discontinued. The patient experienced a renewed depression, as well as increased anxiety. He was restarted on Moclobemide. He was stable for two years and then the medication lost efficacy. The patient was switched to Bupropion. Later, Adderall was added due to difficulties with concentration.

After some years of stability on Buproprion and Adderall, Patient A’s mood crashed, accompanied by overwhelming panic. He was described by his wife as “a 3-year-old in a 47-year-old body.” His symptoms included depression, agitation, severe anxiety, panic attacks, and irritability. A SPECT Scan was obtained (Figure 2) and, based on the results of the scan, psychiatric stability was achieved by adding Gabapentin to his regimen. In sessions, for the first time in many years, the couple was able to comfort each other.
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FIGURE 2. Perfusion SPECT scan of Patient A. Arrangement, color scales, and views are identical to Figure 1. Perfusion of the thalamus is increased and asymmetrical (circled in horizontal and coronal tomograms). Perfusion also is increased in the basal ganglia, particularly on the left (above and to the right of the encircled thalamus). Multiple areas of increased perfusion are seen throughout the cerebral cortices in both the 3-dimensional reconstruction and the wireframe isocontour representations (arrows). The frontal lobe on the right show more substantial increases in cerebral perfusion.


At various times, Patient A had brief trials of Oxcarbazepine and Lurasidone, while in a mixed state. Neither was successful. Overall, the patient did best on the regimen of Adderall, Bupropion, and Gabapentin, which were determined based on the SPECT scan results.

Single photon emission computed tomography scan findings for Patient A (Figure 2) included: multiple cortical areas of increased perfusion (“hot spots”), increased frontal lobe perfusion (right > left), dramatically increased perfusion of the posterior cingulate gyrus, and increased perfusion of the basal ganglia (left > right). Notably, the perfusion of the thalamus was asymmetrical in its perfusion.



Patient B

Patient B (the mother) was initially seen in psychotherapy following the breakup of her first marriage at age 30. She is described as “a caregiver to all” and is called on by members of her family in any moment of crisis. She is a peacemaker. She has always worked excessively and in the not-for-profit sector, in areas of community development. She is described as being very organized, busy, and a tower of strength.

The Patient B began taking Adderall at age 36, when she identified similar struggles with concentration as described by Patient A. She initially became depressed during her third pregnancy coinciding with a period of financial crisis. She stayed in bed for 2 weeks after the birth. Two years later, she again expressed concerns about her ability to concentrate and Adderall was again started. She continued to work prodigious hours and attended graduate school (on a full scholarship) when the youngest child was 6 years old. During this time, she would be in her office 10–12 hours per day, 7 days per week. Patient B described herself as “Putting a quart into a pint pot” and “I’m too busy to see the whole picture.”

Despite her productivity, Patient B struggled with persistent anxiety, periodic outbursts of rageful anger, and low-grade depressive symptoms of low mood and guilt. The diagnostic picture was clouded. A SPECT Scan was ordered in 2012 (Figure 3). Based on the results of the SPECT scan, she was diagnosed with bipolar disorder and ADHD. Gabapentin was started and the dose of Adderall was increased. Patient B stabilized.
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FIGURE 3. Perfusion SPECT scan of Patient B. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is increased and asymmetrical. Perfusion is markedly increased in the left caudate. Multiple cortical areas of increased perfusion are evident, predominately in the frontal cortices.


Unfortunately, the ongoing family psychiatric difficulties added to her stress. Gradually, all three of her children were put onto medication. Her daughter developed Bipolar Mixed State and ran away from home. However, her husband’s condition stabilized, and the family financial situation improved.

Because of depressive symptoms, Patient B started on Bupropion in 2014, without any benefit. At that point and based on the SPECT scan findings, Lamotrigine was added. After the dose was titrated to 100 mg per day, Lamotrigine provided relief. However, Patient B stopped both medications when she felt “back to her normal self.” She recently restarted Lamotrigine after discussion about ongoing potential benefits. She felt that a medication, in addition to Lisdexamfetamine, was necessary as she struggles with the stress of multiple family members who have physical and psychiatric illnesses.

SPECT scan findings for Patient B included: multiple cortical areas of increased perfusion (“hot spots”), increased perfusion of the posterior cingulate gyrus (right > left), increased perfusion in the cerebellum (right > left), and increased perfusion of the caudate head (left > right). Perfusion of the thalamus was also asymmetrical (right > left).



Patient C

Patient C (the eldest child, a daughter) was stubborn and oppositional from a very young age. Nonetheless, she was able to follow a routine: at age 3 using an alarm clock, getting up, getting dressed, and eating breakfast, if left to do so independently. She was bright, a loner, and a voracious reader in the early years of school.

At age 9, Patient C was initially assessed psychiatrically for daydreaming and socially isolating, yet she was oppositional with adults at school. She noted “I don’t like school. I like reading. That is the only thing I like at school.” She was able to sit for a long time, but squirmed and wriggled. Often, she found school boring and did not like to listen. She noted that she didn’t like going to bed or getting up. Her creative play was very complex, and her self-organization a challenge. She met criteria for ADHD and ODD.

When started on Adderall, Patient C blossomed. Her parents found her pleasurable, rather than a drain on precious emotional resources. Unfortunately, early the next year, Patient C threatened to kill a child at after school daycare. The School Board reached out for an assessment. Notably, in total, she had three aggressive outbursts during her first year on stimulants.

A SPECT scan was obtained at age 10 (2009) due to her extreme behaviors (Figure 4). Based on the SPECT scan results, a low dose of Gabapentin was added to Patient C’s regimen of Adderall to calm her aggression. Overall, Gabapentin proved helpful.
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FIGURE 4. First perfusion SPECT scan of Patient C. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is essentially symmetrical. Perfusion is markedly increased in the right caudate. Multiple cortical areas of markedly increased perfusion are evident. For example, the highest signal is found in the right posterior parietal cortex (white area with black central dot in horizontal tomograms).


The following year, Patient C reported her parents to the Children’s Aid Society. It was unfounded and the investigator commented on how well the parents coped in a very difficult set of circumstances. A teacher commented at the time, that Patient C “is doing very well. She is a gifted writer and, as her parents point out, can embellish facts in her writing, and in her real life.”

Patient C, with her unusual and uncanny awareness of the family, commented “Mum is the hyper one, you’re (Father) the depressed one.” She commented to her youngest brother on their similarities “Although I explode ‘in’ you explode ‘out.”’ At the end of Grade 8, Patient C represented her age group on the Ontario School Council, a huge honor. She had a very positive summer working in a market stall and planting a large vegetable garden. She matured enormously and presented as a delightful young woman. She noted, “I could see I’m prone to Bipolar.”

Parents noted Patient C developed depressive symptoms in Grade 11. It was a challenging time in the family, with her father diagnosed with advanced cancer. Quite suddenly, as her final year of high school began Patient C became increasingly angry, irritable, anxious, and depressed. She also developed panic attacks. Her parents also were concerned about her increasing use of marijuana. A second SPECT scan (see Figure 5) was performed (2014).
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FIGURE 5. Second perfusion SPECT scan of Patient C. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is increased and asymmetrical. Multiple areas of markedly increased perfusion are found throughout the cerebral cortices. Also, areas of cortical hypoperfusion can be seen in the parietal cortices bilaterally (green on the 3-dimensional reconstruction).


Based on the findings in the second SPECT scan, Lurasidone and Clonazepam were begun, and Patient C expressed gratitude that she could be effectively treated. Her response to Lurasidone was initially favorable. Unfortunately, facts are difficult to ascertain as to the events of the subsequent 4 months. Patient C purportedly stopped taking Lurasidone and resumed taking Gabapentin and Lisdexamfetamine. Her mood worsened dramatically on a Christmas trip to see her grandparents. She became agitated and suicidal. In hindsight, marijuana withdrawal was a major factor.

A month later, when forbidden to smoke in bed, Patient C ran away from home. She completed her high school while living in a shelter for teenagers and working at a McDonald’s restaurant. She was estranged from her parents but had contact with her brother. He noted that she looked very anxious and could not make eye contact. Nevertheless, she then supported herself and saved for university.

Currently, Patient C is thriving academically at university, generally appreciative of family, but largely independent. She has moved from an interest in English and music to the sciences and hopes to pursue a pharmacy degree.

SPECT scan findings (Figure 4) for Patient C at age 10 (2009) included: multiple cortical areas of increased perfusion (“hot spots”), increased perfusion of the anterior cingulate gyrus (right > left), increased perfusion in the cerebellum (right > left), and increased perfusion of the basal ganglia (right > left). Notably, the perfusion of the thalamus was essentially symmetrical. The diffuse pattern of increased perfusion has been referred to as the “ring of fire,” indicative of pervasive over-activity in the cerebral cortex.

The second SPECT scan (see Figure 5) at age 16 again showed pervasive over-activity. In this scan, the perfusion of the thalamus is asymmetrical. Scattered areas of the parietal cortex showed significant hypoperfusion (appearing green on the 3-D image). This likely was due to extensive use of marijuana at that time.



Patient D

Patient D (the second child, a son) is 2 years younger than his sister. He is, and was, the most easygoing of the three siblings. As a small child he was always very active physically. At home he was more oppositional, and easily slipped into a rage when roughhousing with friends. However, in school he was focused and productive. Reading was delayed.

Patient D met criteria for ADHD and Lisdexamfetamine was begun at age 9, with many benefits. Nonetheless, the parents saw many similarities between Patient D and Patient C in terms of oppositional behavior and sudden aggressive outbursts with peers. They requested a scan.

The first SPECT scan for Patient D (Figure 6) was obtained at age 10 (2012). Based on the results of the scan, Gabapentin was added. Patient D responded favorably with reduced agitation, reduced oppositional behavior, fewer tantrums, and improved academic performance.
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FIGURE 6. First perfusion SPECT scan of Patient D. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is increased and asymmetrical. Multiple cortical areas of markedly increased perfusion are evident in the right frontal and right parietal cortices.


SPECT scan findings for Patient D included: multiple cortical areas of markedly increased perfusion (“hot spots”) in the right frontal and right parietal cortices, increased perfusion of the anterior cingulate gyrus, increased and asymmetrical perfusion of the thalamus, and normal perfusion of the basal ganglia (Figure 6). The diffuse pattern of increased perfusion has been referred to as the “ring of fire,” indicative of pervasive over-activity in the cerebral cortex.

Patient D had several stable years. However, at age 13 he began to struggle with mood swings and other symptoms. He noted that he dreaded big assignments and did not tell anyone. “I fall off the horse and cannot get back on.” At times he had tons of energy and work was easy. At other times, he was lethargic, unmotivated, and overwhelmed. Regardless of whether he was “high” or “low,” he was more irritable, angry and non-compliant. A second SPECT scan (2015) was done due to the cyclical mood symptoms (Figure 7). The scan results revealed considerably less cortical overactivity (areas of increased perfusion), but the thalamus remained intensely perfused and asymmetrical. A plan was made to add a mood stabilizer, but it did not happen at the time because the family struggled with bigger issues.
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FIGURE 7. Second perfusion SPECT scan of Patient D. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is intensely increased and asymmetrical. Areas of increased perfusion in the cerebral cortices are considerably less prominent.


In his first year of university during the COVID19 pandemic, Patient D became aware that he was struggling again and reached out for help. He remained on Lisdexamfetamine. He reported feeling he had been depressed most of his life but recalled the occasional high. He felt that working for a welder one day a week helped him through starting university in the COVID19 era. Patient D agreed to starting Lurasidone and demonstrated mood stabilization and improved academic success.



Patient E

Patient E (the third child and younger son) was conceived at a time of challenges and financial instability within the family. By 2 years of age, he was called the “little emperor” due to the violent tantrums he would throw if he did not get his own way. For example, he vomited if his parents were upset with him. This terrorized his older brother, but his sister did not tolerate it. His family described him as an experiential learner. For example, at age 5, he dove from a tree house to see what it felt like to land face-first on the rocks 4 m below. Such impulsive behaviors – despite knowing that such behaviors were strictly forbidden led to many frightening episodes followed by deep remorse characterized by inconsolable crying and vomiting.

Patient E was first assessed psychiatrically at age 6 because of his odd behaviors, including hyperactivity, oppositionality, making frequent clicking sounds, screaming loudly, screeching, aggression with family members, and insomnia. He was diagnosed with ADHD and started on Lisdexamfetamine.

On his first day on Lisdexamfetamine, Patient E reported “lots of love inside.” He was less angry. The temper tantrums remained but were shorter and seemingly more intense (e.g., “I will kill you!”). However, he also experienced decreased appetite and bedtime became extended and more difficult with worsening insomnia. He also continued to demonstrate striking impulsivity, as described above. A low dose of Gabapentin was added and seemed to be somewhat helpful, but his insomnia remained.

A SPECT scan was obtained on Patient E at age 6 (2012) to parse out if incipient bipolar disorder might be responsible for the partial response to Lisdexamfetamine and the continued mood symptoms (Figure 8). Based on the results of the scan, Risperidone 0.5 mg was started. The Risperidone provided immense relief. Patient E became happier, less anxious and more independent. He remained stable for several years.
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FIGURE 8. First perfusion SPECT scan of Patient E. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is intensely increased and asymmetrical. Multiple cortical areas of increased perfusion are seen throughout the cerebral cortices.


SPECT scan findings (Figure 8) for Patient E included: multiple cortical areas of increased perfusion (“hot spots”) diffusely throughout the cortices, mildly increased perfusion of the anterior cingulate gyrus, increased and highly asymmetrical perfusion of the thalamus, and increased perfusion of the left basal ganglia. The diffuse pattern of increased perfusion has been referred to as the “ring of fire,” indicative of pervasive over-activity in the cerebral cortex.

At age 9, Patient E began having multiple violent episodes of screaming, yelling, and physical violence toward his father. He also began endorsing impulsive suicidal thoughts. He endorsed racing thoughts and insomnia. Because of these rapidly escalating symptoms, a second SPECT scan was ordered on Patient E (2015). There was little change in the appearance of his two SPECT scans. Both showed asymmetric thalamic perfusion (more pronounced in the first scan) and diffuse increased cerebral perfusion, which had become even more pronounced at the time of the second scan. Based on the second SPECT scan findings (Figure 9), his dosage of Risperidone was increased, and Gabapentin was added. The patient responded favorably with significant modulation of his disruptive and unpleasant symptoms.
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FIGURE 9. Second perfusion SPECT scan of Patient E. Arrangement, color scales, and views are identical to Figure 1. Anatomical structures such as the thalamus are positioned similarly to the scan shown in Figure 2. Labeling was eliminated to avoid obscuring the scan details. Perfusion of the thalamus is increased and asymmetrical. Areas of increased perfusion are considerably more prominent compared to the first scan, particularly in the left frontal cortex.




Post-hoc Analysis

The post hoc semi-quantitative analysis of the SPECT scans independently supported and validated the findings of the consensus opinion of the expert committee. Asymmetric perfusion was evident in multiple regions of the cerebral cortex, particularly the frontal and temporal lobes. Perfusion of the thalamus was asymmetrical in every case with the right thalamus showing higher counts in 3 out of the five cases. In addition, semi-quantitative analysis revealed that the right putamen had elevated perfusion frequently. Figures 10–14 show a bar graph representation for each patient. For each patient, the scan data was normalized to the cerebellum. Data for each ROI is represented as a bar graph. Most areas have two bars representing the left and right ROI. Some midline ROI are represented by a single bar graph, because the two areas are too close together to separate accurately. The orange bar graph represents maximal counts (perfusion) in the specific ROI and the purple bar represents mean count in the specific ROI relative to the specific patient in the specific scan. The median count of each ROI from the normative sample is represented by a white line. The red line illustrates the cerebellar maximal value for each ROI from the normative sample. Notably, in all cases cortical perfusion in at least one area exceeded the maximal perfusion in the cerebellum, which is usually the most highly perfused portion of the human brain. The findings illustrated in the semi-quantitative analysis match the description of findings in each case. For example, the scan of Patient B, the mildest of the cases clinically, showed frontal cortical areas approaching but not exceeding the cerebellar maximum (Figure 11). The thalamus is slightly asymmetrical and approaches the cerebellar maximum, but the left caudate is as highly perfused as the cerebellar maximum. Meanwhile, the second scan of Patient E showed multiple cortical areas of increased perfusion (“hot spots”) diffusely throughout the cortices, increased and highly asymmetrical perfusion of the thalamus, and increased perfusion of the left basal ganglia. The corresponding bar graph (Figure 14) shows multiple areas of asymmetric perfusion in the frontal, temporal and parietal (not shown) cortices, as well as increased perfusion of the right thalamus and increased perfusion of the left caudate and putamen.
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FIGURE 10. Semi-quantitative region of interest analysis of the SPECT scan of Patient A in comparison to the normative sample. The scan data was normalized to the cerebellar maximal counts (cerebellar maximal for each patient equals 100% on bar graph). The median counts in each ROI is shown in purple and the maximal counts in each ROI is shown in orange. Right and left regions are illustrated as separate bar graphs with the median value printed in white lettering at the base of each bar. All 67 regions could not be illustrated in a single graph, so multiple ROI’s from the frontal, temporal, and cingulate cortices are illustrated, while the parietal, occipital, and insular cortices are each illustrated by a single bar. The median counts of the normative sample for that particular ROI are illustrated as a white line on each bar of the graph. The maximum counts of the normative sample for that particular ROI are illustrated as a red line on each bar of the graph. Markedly increased perfusion is evident in the thalamus (exceeding the maximal value in the cerebellum and the comparable maximal value of the normative sample). Markedly increased perfusion is seen in the frontal, temporal, parietal, insular, and cingulate cortices, again exceeding the maximal perfusion of the cerebellum and the comparable maximal value of the normative sample. In all ROI, with the exception of the cerebellum, the patient’s maximal counts exceed that of the normative sample (red line). In all ROIs, the patient’s median counts exceed that of the normative sample (white line). The asymmetry evident in the thalamus upon inspection of the scan is less obvious with ROI analysis. Asymmetry is notable throughout the cortices.
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FIGURE 11. Semi-quantitative region of interest analysis of the SPECT scan of Patient B. Data analysis and presentation is as described in Figure 10. Perfusion of the thalamus is increased and asymmetrical, although not as obviously as upon inspection of the scan. Perfusion is markedly increased in the left caudate, approaching the maximal count of the cerebellum. Multiple cortical areas of increased perfusion are evident, predominately in the frontal cortices. In many ROIs, the patient’s maximal counts exceed that of the normative sample, though not to the degree seen in the other cases. Portions of the frontal cortex, the lateral temporal lobe, cingulate gyri, the putamen, and the occipital lobe, which show maximal counts less than that of the normative sample, are the exceptions. In all ROIs, the patient’s maximal counts exceed that of the normative sample (red line). In all ROI, the patient’s median counts exceed that of the normative sample, with the exception of the right anterior cingulate gyrus (white line).
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FIGURE 12. Semi-quantitative region of interest analysis of the SPECT scan of Patient C. Data analysis and presentation is as described in Figure 10. Thalamic perfusion is asymmetrical and exceeds that of the cerebellar maximum. Multiple cortical areas show increased perfusion which exceeds the cerebellar maximum and the comparable maximal value of the normative sample. Asymmetric perfusion is seen in most cortical areas. In all ROI, with the exception of the cerebellum and left occipital lobe, the patient’s maximal counts exceed that of the normative sample (red line). In all ROIs, the patient’s median counts exceed that of the normative sample (white line).
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FIGURE 13. Semi-quantitative region of interest analysis of the SPECT scan of Patient D. Data analysis and presentation is as described in Figure 10. Thalamic perfusion exceeds the maximum in the cerebellum and is highly asymmetrical. The median and maximal counts in the thalamus exceed those of the normative sample. Multiple cortical areas of markedly increased perfusion are noted with marked asymmetry. In all ROI, with the exception of the cerebellum, the patient’s maximal counts exceed that of the normative sample (red line). In all ROIs, the patient’s median counts exceed that of the normative sample (white line).
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FIGURE 14. Semi-quantitative region of interest analysis of the SPECT scan of Patient E. Data analysis and presentation is as described in Figure 10. Thalamic perfusion exceeds the cerebellar maximum with marked asymmetry. Multiple cortical areas show asymmetrical and highly elevated perfusion exceeding the maximum in the cerebellum. Perfusion in the caudates and putamina is also elevated. In all ROI, with the exception of the cerebellum, the patient’s maximal counts exceed that of the normative sample (red line). In all ROIs, with the exception of the cerebellum, the patient’s median counts exceed that of the normative sample (white line).





DISCUSSION

In this retrospective review of a family cohort collected under naturalistic circumstances in the routine clinical practice of one of the authors, we have found two distinct findings. The first is asymmetric increased perfusion of the thalamus, which replicates earlier neuroimaging findings, regardless of the modality (SPECT, PET, fMRI). The second is patchy and markedly increased perfusion throughout the cerebral cortices, which also was asymmetrical. Each of the family members displayed asymmetrical perfusion of the thalamus (Patient D to the least extent, while Patient E provided the most striking example). This finding was often accompanied by asymmetric cortical perfusion as shown in the vertex view of the 3-D reconstruction images (best seen in Patient A, C, and D). All family members demonstrated patchy increased perfusion of the cerebral cortices. Distinct focal areas of intense perfusion were indicated by red areas with white central regions. These can be referred to as “hotspots.” The focal areas which were the most highly perfused point in the brain were marked by a black focus within the white central region (see Patient D 3-D reconstruction and tomograms – Figures 6, 7, for example). These potential diagnostic markers, which the authors and expert panel members have observed clinically in hundreds – if not thousands – of patients are potential endophenotypic markers for bipolar disorder.


Increased Asymmetric Thalamic Perfusion

The finding of asymmetrical increased perfusion of the thalamus is supported by the observations of Juckel et al. (50), as well as others (47, 69, 70). Similarly, fMRI studies (58, 59, 71) reveal increased and often asymmetrical perfusion of the thalamus in patients with bipolar disorder. Again, our clinical observation across many patients with bipolar disorder support this finding.



Diffuse Increased Cortical Perfusion

Diffuse increased cortical perfusion is evidence of elevated cortical activity. Compared to a normal scan in which the visual cortex is the most active cortical area (see Figure 1), the scans in the present series are strikingly different. Areas throughout the cortex, including the frontal, temporal, and parietal cortices are extremely active, often exceeding the maximal activity in the cerebellum (see Figures 2–9 and the same data presented in semi-quantitative graphic form in Figures 10–14). Notably, some areas are so active as to be “hotspots,” resembling in many ways the appearance of seizure foci on SPECT scan. This correlation between bipolar disorder and seizure disorders may have a molecular root. The ankyrin 3 gene (Ank3) regulates neuronal circuit activity and abnormalities in the function of one of the products of Ank3, a voltage-gated sodium channel, leads to excessive firing in circuits which are involved in emotions, memory, and epilepsy (72). Ank3 is a leading candidate gene in bipolar disorder. If, indeed, this SPECT perfusion finding is associated with excessive firing in circuits involved in emotions, then medications which block or modify voltage-gated sodium channels (e.g., Carbamazepine, Lamotrigine, Valproic acid) would be expected to be effective for the treatment of bipolar disorder. Similarly, medications which block or modify voltage-gated calcium channels (e.g., Gabapentin, Pregabalin) likely will modulate the symptoms of bipolar disorder.

All members of the family showed diffuse increased cortical perfusion. All members responded favorably to a greater or lesser degree to Gabapentin. In Patient D, the improvement of cortical increased perfusion can be seen by comparing Figures 6 and 7. While, he still had troublesome symptoms and showed asymmetric thalamic perfusion, the overactivity of the cerebral cortices was reduced. In contrast, Figures 8 and 9 illustrate Patient E, who was on a low dose of Gabapentin at the time of both scans; yet, still had diffuse increased cerebral perfusion, along with disruptive behaviors, volcanic temper tantrums, racing thoughts, and insomnia – classic mania/hypomania symptomatology. Notably, after an increase in the dosage of both Gabapentin and Risperidone, his difficulties resolved.

The implication here is not that bipolar disorder is a form of seizure disorder. Rather, it is that the two phenomena share common features, both at the molecular level and at the whole-organ neurophysiological level as seen with SPECT scans and other forms of functional neuroimaging. Areas of increased cortical perfusion or “hotspots” should be taken into consideration when evaluating a SPECT scan for evidence consistent with the diagnosis of bipolar disorder.



Detecting Prodromal/Incipient Bipolar Disorder

The issue of detecting prodromal or incipient bipolar disorder remains a critically unmet need in psychiatry. The clinical presentation of a first depressive episode gives no clue or insight into whether the patient has unipolar depression or a first depressive episode of bipolar disorder. In this retrospective review of a single-family case series, the overactive cerebral cortices appeared to be a consistent warning sign of the potential risk for activation or frank mania/hypomania if any of these patients were given a traditional antidepressant. This conclusion is supported by the adverse reaction displayed by Patient A when administered paroxetine. Based on the results of the SPECT scans, the clinician elected to avoid using antidepressants in these five patients.

As exemplified by the first scans of Patients D and E (obtained at age 10 and 6, respectively), the aforementioned neuroimaging “markers” were already quite evident at a young age. Given the reality that the diagnosis of bipolar disorder is often delayed by 5–10 years, as described above, these perfusion SPECT markers could serve to expedite the diagnosis of bipolar disorder. To reiterate, the predictive value of a neuroimaging marker need not be perfect in the situation of bipolar disorder wherein the risks of using medications appropriate for that diagnosis are relatively small. In contrast, the risks of delaying the diagnosis and giving medications which exacerbate bipolar disorder are substantial. For example, Henderson and Hartman (19) showed that the ADHD medication, Atomoxetine, can precipitate mania. The use of stimulants can lead to rapid cycling and more severe course of illness (12, 14–18). Notably, as a young adult Patient C was assessed by a different psychiatrist, who dismissed the diagnosis of bipolar disorder due to the absence of a documented manic episode. Nevertheless, the mood state prior to her second SPECT scan was most likely a mixed state, she responded favorably to Lurasidone, and her scan results demonstrated both neuroimaging markers.

An additional observation can be made in this case series. Patient C demonstrated diffuse areas of hypoperfusion in her second scan, which is often associated with toxic brain injury. Later, it was learned that she was using marijuana heavily. Published clinical research (73, 74) and our extensive clinical experience has shown that the use of marijuana can lead to varying degrees of toxic encephalopathy. Indeed, decreased perfusion in the hippocampus can be closely correlated to reported frequency of marijuana use (74). On a related technical note, the relatively subtle hypoperfusion which signaled these neurotoxic changes were not appreciated on the decades-old processing software originally used to examine the scan of Patient C (Figure 15). Advances in SPECT scan camera technology and in post-processing software are yielding marked increases in the information which can be derived from perfusion SPECT scans (75).


[image: image]

FIGURE 15. The second SPECT scan of Patient C shown as it was originally viewed after processing with the Picker Odyssey software. (A–D) 3-D representation of the scan data is shown. The surface is set at 60% of brain maximum. Areas which fall below 55% are represented as indentations or holes depending on how far below 55% the activity falls. (A) Vertex view, (B) Underside view, (C) Right Lateral, (D) Left Lateral. (E–H) A wireframe brain representation is shown, wherein the areas of brain with activity at 85% of maximum or greater are shown in red and areas of 92% or greater are shown in white. (E) Vertex view, (F) Underside view, (G) Right Lateral, (H) Left Lateral. The details of the SPECT scan are much harder to appreciate without the tomograms. The extent of the diffuse cortical increased perfusion is much more difficult to appreciate with this post-processing software. The extent of the co-existing areas of hypoperfusion in the parietal cortices are not evident with this post-processing software.


While this case series is unique in that it consists of members of a single nuclear family, there are certain limitations. First, it represents a very small sample. Second, the data were interpreted without blinding to the clinical circumstances, as is typical for case series. Third, the patients were treated individually and in a naturalistic setting. Treatment was not uniform. As such, the present data can not define a biomarker. However, these data suggest certain neuroimaging findings may be reliable, providing initial evidence for a marker with reasonable uniformity in at least this small population. These findings warrant further investigations into perfusion SPECT neuroimaging biomarkers for a bipolar phenotype. These limitations notwithstanding, the use of perfusion SPECT scans has a place in the psychiatric evaluation of patients, as evidenced by the incorporation of psychiatric indications into the Canadian Association of Nuclear Medicine Guidelines for Brain Perfusion Single Photon Emission Computed Tomography (SPECT) published in 2021 and the recent comprehensive review of perfusion SPECT neuroimaging (76).



Incorporating SPECT Scans Into Psychiatric Practice


SPECT Scans as a Tool

Perfusion SPECT scans have been vilified because they do not match up one-to-one with DSM-5 diagnoses (77). It is not surprising that SPECT scans do not yield a pathognomonic imaging result for each DSM condition. The diagnoses in the DSM-5 are replete with overlapping symptoms, comorbidity, and an absence of neurophysiological correlates (48, 78). Moreover, there is often tremendous range in how patients’ symptoms present. For example, using the DSM-5 (77) diagnostic criteria for Major Depressive Disorder (79, 80), there are over 20 possible distinct phenotypes of this single diagnosis. After multiple clinical trials failed to treat major depression, one expert stated,

“that major depressive disorder is biologically heterogeneous, such that different treatments differ in the likelihood of achieving remission in different patients” (81).

On the other hand, a common neurophysiological process, such as abnormally functioning voltage-gated channels due to Ank-3 genetic anomalies, might lead to symptoms consistent with ADHD, ODD, intermittent explosive disorder, or disruptive mood dysregulation disorder. Furthermore, perfusion SPECT neuroimaging can help rule out toxic injury or traumatic brain injury–both of which can also lead to impulsivity, inattention, and mood symptoms (80).

In other words, perfusion SPECT scans are a tool. They help the physician understand the functioning of the brain better. SPECT findings might lead to an alternate differential diagnosis list. For example, an oppositional and defiant child with markedly increased cortical perfusion most likely has a different diagnosis than a similar behaving child who has significantly decreased cortical perfusion. Alternatively, as described by Pavel et al. (75), a patient can present with symptoms suggestive of bipolar mania, but have a diffusely hypoperfused brain suggesting infection, toxicity, or autoimmune disease. Follow-up testing in that particular case described by Pavel et al. (75) demonstrated infection, rather than bipolar disorder. The patient was correctly treated with antibiotics and a lifetime of psychotropic medications was averted. SPECT scans can aid clinicians to unravel complex cases.



Patient Confidence and Compliance

One barrier to the diagnosis of bipolar disorder is stigma. Patients are loath to accept the diagnosis and psychiatrists are reluctant to make the diagnosis (6). A very large threshold of evidence must be surmounted before the diagnosis can be made. From the perspective of psychiatrists among the authors, this diagnostic hesitancy is almost unforgivable in the modern era. It seems to be a holdover from the days when we only had lithium and electroconvulsive shock therapy to treat bipolar disorder. However, modern pharmaceuticals, such as lurasidone, cariprazine, lamotrigine, and others carry far fewer risks and much more manageable side effects. Moreover, most of them have antidepressant qualities which, in some cases, are superior to the serotonin reuptake inhibiting antidepressants. Nevertheless, the hesitancy exists.

For patients, perfusion SPECT brain scans bring a certain degree of confidence in their diagnosis. This was clearly evident in the family reported herein. The first member of the family to undergo brain SPECT scanning was the daughter (Patient C) due to her aggressive behavior. After hearing the description of the benefits and risks of a SPECT scan, the father (Patient A) requested to undergo a scan, as well. He expressed the desire to understand how his brain was working. Similarly, when both sons were scanned, the mother (Patient B) requested that she also be scanned. All family members have independently expressed that the scans helped them understand why they had the symptoms they had and how the selected medications could be beneficial. Both parents were very concerned that medications were used sparingly and as effectively as possible. They found the SPECT scans guided this process well.

The SPECT scans gave the family confidence that their treatments would be helpful. The scans also strengthened the compliance of each patient. For example, the younger son (Patient E) has been extremely compliant with a mood stabilizer from a young age. He notes that his medication greatly helps his sleep and his anxiety. Similarly, the older son (Patient D), who was actually inadequately treated during his high school years, reached out to the psychiatrist during his university years and self-identified symptoms of anxiety and hypomania. He requested to start taking a mood stabilizer.

Lastly, the presence of bipolar disorder, in and of itself, has been shown to increase the risk of suicide, up to 14-fold (28), underscoring the importance of early and correct diagnosis. Children with bipolar disorder are at higher risk for suicide than children with unipolar depression (82, 83). Suicide attempts are considerably more likely to be lethal among those with bipolar disorder (84) and occur at a younger age (83, 84). Recently, Orsolini et al. (85) thoroughly reviewed suicide and depressive disorders, noting the interwoven roles of neurobiological, neuroimmunological, and psychosocial factors. Recently, the COVID-19 pandemic has increased the factors that can contribute to suicidal ideation (86), as exemplified by Patient D. The multi-faceted etiological factors described elegantly by Orsolini et al. (85) underscore the value of a single-family study, such as this, wherein some of the variables can be controlled. Earlier diagnosis, patient belief and confidence in the diagnosis, increased insight, and enhanced therapeutic alliance, as exemplified in this case series, improve medication adherence (29) and reduce suicide risk (28, 84, 85).



Minding the “Hotspots”

Another important aspect of incorporating SPECT scans into psychiatric practice is that both areas of underactivity (as seen in depression, brain injury, stroke, ADHD, etc.) and areas of overactivity (as seen in bipolar disorder, obsessive-compulsive disorder, post-traumatic stress disorder, etc.) are important. The traditional training in Nuclear Medicine is to pay attention to the areas of decreased activity with decreased tracer uptake (hypoperfusion). This allows the nuclear medicine physician to identify brain injury, dementia, and strokes–the most common indications for which SPECT scans are ordered. In the psychiatric realm, clinicians must not only be mindful of these possible diagnoses, but also of the diagnoses that can lead to increased activity with increased tracer uptake (increased perfusion), such as illustrated in the present case series. Collaboration between the psychiatrist and the nuclear medicine physician become essential, along with displaying the scan data in such a manner, as illustrated herein, that “hotspots” can be identified. Notably, a color scale rather than a gray scale is needed to highlight areas of increased perfusion, as well as areas of diffuse hypoperfusion (in contrast to focal areas of hypoperfusion) which are much harder to appreciate in gray scale (75, 76). More importantly, a 3-D presentation of the data allows the focal areas of increased perfusion to be more prominent and more easily localized compared to just reading the scan in tomograms. In this case series, the “hotspots” in Patient B (Figure 3) and Patient C (Figure 4) were much harder to appreciate in tomograms.

These findings, along with recent publications (49, 76), point the way to future collaborations between nuclear medicine physicians and psychiatrists. Until recently, very few nuclear medicine physicians had experience with neuropsychiatric diagnoses, because nuclear medicine physicians receive few referrals for neuropsychiatric disorders and so have little clinical experience with patterns of increased perfusion. This situation is aggravated by the absence of referrals for neuropsychiatric evaluations, compounded recently by the American Psychiatric Association dismissing neuroimaging as a valuable adjunct in the evaluation of psychiatric patients (48, 78, 80, 87). Hopefully, enlightened clinicians in both fields will join together to deepen their clinical experience to advance and expand our understanding of the neuroimaging correlates in neuropsychiatry. As psychiatric and nuclear medicine practitioners, the authors and the International Society of Applied Neuroimaging have developed working models of how neuroimaging can contribute to the evaluation of, and more rapid diagnosis and successful treatment of, neuropsychiatric patients.





CONCLUSION

We have presented a retrospective review of a family cohort including every member of a single family collected under naturalistic circumstances that illustrates clinical symptom development and parallel brain perfusion findings consistent with bipolar disorder. The advantage of this single-family study is that many socioeconomic, developmental, and social variables were controlled. As a result, and consistent with our extensive experience in interpreting SPECT scans, these perfusion findings have substantive correlation to bipolar disorder. These correlations suggest potential perfusion SPECT biomarkers for bipolar disorder. The potential biomarkers of: (1) asymmetric and increased perfusion of the thalamus and (2) diffusely increased cortical perfusion (that may be asymmetrical) proposed herein warrant further attention. The increased cortical perfusion or “hotspots” facilitates the differentiation of bipolar depression from unipolar depression, which tends to show symmetrical increased perfusion in the thalamus and basal ganglia, but hypoperfusion throughout the frontal and temporal cortices. Recognizing that bipolar disorder is increasingly seen as a spectrum of symptoms, rather than the simplistic bipolar I and II dichotomy, symptoms such as mania, hypomania, smoldering mixed mood episodes, impulsivity, irritability, and anxiety can all exist together or separately at various times in the life of a patient with bipolar disorder. Hence, a symptom-based diagnostic strategy would benefit greatly from neuroimaging correlates or biomarkers. These data encourage further study of larger populations with comparison to normative databases and/or control groups to test the robustness of these potential biomarkers for bipolar disorder.

More general and widespread awareness of the information provided by SPECT scans would likely improve: (1) the latency to diagnosis, (2) treatment, and (3) lifetime outcome of patients suffering from bipolar disorder. Patient confidence in their diagnoses would likely improve, leading to increased treatment compliance. Improved display parameters, as presented herein, facilitate the interpretation of SPECT scan data, allowing for wider acceptance and adoption of SPECT scans as a tool to aid in the diagnostic process.
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Brain perfusion single photon emission computed tomography (SPECT) scans were initially developed in 1970s. A key radiopharmaceutical, hexamethylpropyleneamine oxime (HMPAO), 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 II, 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, nonetheless, has stood and remains to stand as the final word on perfusion SPECT neuroimaging in Neurology and Psychiatry since. As a result, neurologists and psychiatrists have distanced themselves or outright disparaged SPECT neuroimaging and its role in the evaluation of a patient. Allegorically, there were no smartphones in 1996. Rather there were brick-like mobile phones with external antenna. In 2000, the first touchscreen became available and integrated cameras became available in 2002. Finally, in 2007, the I-phone was unveiled ushering in the era of the smart phone. Relying on the TTASAAN report today is equivalent to relying on an assessment of modern cell phone technology and applications based on 1996 technology. Just as the smartphone computer in your hand bears little resemblance to the bulky, heavy, dialing devices of old, modern SPECT neuroimaging bears little resemblance to its 1996 predecessor. In 1996, there were only single-headed gamma cameras, unstable radiotracers, no quantitative software, no normative databases, no advanced image reconstruction software, no iterative reconstruction, no CT hybrid imagers, no solid-state detectors, and no artificial intelligence algorithms. All of these advances have radically changed and improved perfusion SPECT neuroimaging. Furthermore, the research literature encompassing over 60,000 patients across multiple neurological and neuropsychiatric disorders did not exist (as reviewed extensively in Part I of this two-part series).

This two-part series explores the policies and procedures related to perfusion SPECT functional neuroimaging and, ultimately, makes recommendations for revisions to the current policies and practices. 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 (2). We reviewed the research literature on traumatic brain injury (TBI) (encompassing over 24,000 subjects) and showed SPECT perfusion imaging is more sensitive that CT or MRI for detecting TBI. We rebutted many criticisms of detecting TBI with perfusion SPECT, and demonstrated that perfusion SPECT meets the criteria for a Type A recommendation based on the criteria set forth in the TTASAAN report. We reviewed the use of perfusion SPECT in epilepsy, including the findings that ictal-interictal SPECT has an accuracy of 85.9% in localizing seizure foci. The vast field of neuroimaging in dementia was reviewed and perfusion SPECT was shown to have 96% sensitivity and 80% specificity in differentiating Alzheimer's disease (AD) from fronto-temporal dementia (FTD), comparable to fluorodeoxyglucose-positron emission tomography (FDG-PET) (2, 3). Similarly, the conversion from mild cognitive impairment (MCI) to AD or FTD can be predicted with both perfusion SPECT and FDG-PET. FDG-PET was found to predict the conversion from MCI to AD with a sensitivity of 70–90% and a specificity of 82.4–90%, while perfusion SPECT scans predict the conversion from MCI to AD with a sensitivity ranging from 89 to 97% and a specificity of 89–100% (2). In addition, we reviewed the SPECT neuroimaging research findings in neurotoxicity, attention-deficit hyperactivity disorder, depression, bipolar disorder, obsessive compulsive disorder, and stroke.

In Part II, the technical aspects of perfusion SPECT neuroimaging and the process of interpreting a SPECT scan will be presented.


Limitations in Functional Neuroimaging

Interpretation of a functional brain scan requires not only anatomical knowledge, but also technical understanding on how to correctly perform a scan. This is no less true for positron emission tomography (PET) or functional magnetic resonance imaging (fMRI) than it is for SPECT scanning. Our intent here is not to paint a rosy picture of perfusion SPECT imaging at the expense of other modalities. Rather, we merely wish to remind the field that PET, diffusion tensor imaging (DTI), and fMRI have limitations, as well.

The usefulness of any imaging technique, as well as its widespread adoption into clinical practice and clinical research is ultimately dependent upon the consistency, rigor, and quality of the methodology used to create the images. An MRI from a 0.5 Tesla magnet is quite different from that of a 3 Tesla magnet. Moreover, the technique of obtaining the MRI image has significant effects upon the resulting image. If the sequences for T2 weighted imaging, proton-density weighted, or DTI are not programmed correctly and motion is not controlled, then the resulting images can be uninterpretable.

While technically not functional neuroimaging, DTI is being studied as a method of detecting TBI. DTI is a highly sophisticated sequence of MRI imaging. Yet, there is not an agreed upon protocol for obtaining DTI images. As a result, the quality, accuracy, and clinical significance of DTI imaging varies greatly across facilities. This has led to conflicting results for certain conditions and a lack of uniformity in the field (4, 5). According to some experts, while DTI may be a sensitive measure, currently it lacks the level of specificity necessary for application in clinical practice (5). Similarly, fMRI has suffered from a lack of unified protocols.

Functional neuroimaging is particularly vulnerable to technical errors or flaws. As discussed in Part I (2), an analysis of the validity of fMRI post-processing methods has revealed significant flaws which potentially invalidate many fMRI studies and the resulting conclusions about fMRI findings in certain conditions (6). The American Psychiatric Association has questioned the value of fMRI research into psychiatric disorders (7).

An important distinction often lost in the textbook or the lecture hall concerning neuroimaging modalities is the distinction between resolution and contrast. While anatomical MRI and of CT (to a lesser extent) have superior resolution (1 mm), FDG-PET scans have a resolution of 5 mm and SPECT using standard sodium iodide crystals have a resolution close to 10 mm. On the other hand, contrast is the ability to discern an abnormal signal from background. The sensitivity of CT for detecting contrast agents is in the millimolar range, while that of MRI is in the micromolar range. The sensitivity of SPECT neuroimaging for detecting a radiopharmaceutical is in the nanomolar range, exceeding MRI by a thousand-fold and exceeding CT by a million-fold (8–10). This is perhaps best illustrated with seizure imaging, wherein CT and MRI show no abnormality, while perfusion SPECT can reliably localize the seizure focus or foci. (11–19). Similarly, as reviewed extensively in Pavel and colleagues (2), CT and MRI often miss areas of cortical dysfunction following concussion or TBI [e.g., Figure 4 in (2)], while perfusion SPECT can readily detect TBI and differentiate TBI from control with a >95% accuracy (20, 21).

Modern fMRI has limited resolution and contrast (6) with pixel size generally 2–3 mm (22), as discussed in Part I. In PET imaging, it is important to recall that PET scanners visualize the annihilation of a positron, not the release of a positron from a tracer. In contrast to gamma radiation emitters (as used in SPECT) wherein the point of gamma photon release corresponds to the exact site at which the radiopharmaceutical is bound or retained; positron emitters have a degree of inaccuracy related to the physics of positrons and the range that they travel before annihilation (23–25). For example, the range of 18F is up to 6 mm (26, 27) and the range of 18O is up to 10 mm (27). In the case of 18F, this can lead to a 3.5% degradation of resolution for soft tissue, such as brain (27).

On the other hand, resolution in many cases is a red herring that matters very little in the pragmatic clinical practice. For example, the resolution of amyloid PET imaging is immaterial. If amyloid is present in the grey matter, then the scan is considered positive for Alzheimer's disease. If it is negative, then Alzheimer's disease is unlikely (caveats discussed below). The scan can be read from across the room. Similarly, a 123I-ioflupane scan (DaTscan) has relatively low resolution, but the pattern is distinctive. If the tracer is absent from the striatal “tail,” then the scan reveals degeneration of the dopamine system in the striatum.

In the interpretation of perfusion SPECT scans compared to FDG PET scans, the resolution differences of modern versions of these modalities matters very little. As described in depth in Part I (2), both modalities can visualize the posterior cingulate gyrus, the parietal cortices, and the temporal cortices and render, for example, a diagnosis of Alzheimer's disease with similar accuracy (89 vs. 89%) (2, 3, 28, 29).

In part II of this Policy and Practice Review, we will address the technical aspects of perfusion SPECT functional neuroimaging which can gravely affect the quality of the scan. We will describe future changes which are now months to years away. We will also articulate best practices for obtaining, processing, and interpreting a perfusion SPECT scan. Lastly, we will discuss the integration of perfusion SPECT scans into coordinated and insightful utilization of multiple neuroimaging modalities. This integrative philosophy will be illustrated with four clinical examples. These technical aspects, together with the aforementioned extensive review of perfusion SPECT findings in a number of conditions (2), will guide recommendations for changes in policy and practice.




TECHNICAL ASPECTS OF SPECT NEUROIMAGING

Perfusion SPECT functional neuroimaging is no less vulnerable to degradation resulting from poor or flawed technique. As has been laid out in detail in Part I (2), the SPECT images of the early 1990s which were the basis of the TTASAAN committee's decisions and report, are technically far removed from the current high-quality perfusion SPECT images we consistently work with today. Nonetheless, technique still varies widely from facility to facility. Hence, the process of interpreting a perfusion SPECT scan necessitates an appreciation of neuroanatomy, the effects of altered anatomy, camera properties, acquisition methods, reconstruction and filtering algorithms, and attenuation correction. It is time to have a closer look at the technical considerations of SPECT instrumentation and processing that contribute to the execution of high-quality brain SPECT scans.


The Gamma Camera

Most commercial gamma cameras today are based on a scintillating sodium-iodide (Na-I) crystal, coupled to an array of photomultiplier tubes (PMTs). The field of view of the camera is given by the size of the crystal. A gamma photon released in the radioactive decay of the radiopharmaceutical that reaches the crystal, causes it to emit a brief flash of light which scatters in all directions, with a strength proportional to the energy of the gamma radiation (Figure 1). The light is detected, amplified, and converted into an electrical pulse by the PMTs. The amount of light measured by each PMT depends on its location in reference to the origin of the light flash. The PMT closest to the event location produces a greater electrical pulse compared to the surrounding PMTs. The exact location is determined by a center of mass calculation according to the methodology developed by Hal Anger. Even though the typical PMT has a diameter of 2 in. or 3 in, the Anger principle gives the gamma camera an intrinsic resolution on the order of 4 mm at 140 keV (the gamma energy of 99m-Technetium, the most common radionuclide in SPECT imaging).


[image: Figure 1]
FIGURE 1. (A) The collimation process is illustrated. Gamma photons released by the radiopharmaceutical travel away from the site of emission in all directions. Those that impact the collimator at an angle cannot pass through. Gamma photons that reach the collimator in alignment with the channels of the collimator can pass through and reach the detector (a sodium iodide crystal in this illustration). The limit to resolution is the size of the photomultipliers, distance from the structure of interest, and the resolution of the collimator. (B) Detection of gamma photons by sodium iodide crystal detectors is a multi-step process. The gamma photon (red star −1) strikes the sodium iodide crystal (orange starburst) and a burst of visible light photons (yellow stars) is released (2). The light photons radiate in all directions (3). Some of those visible light photons will impact on photodetectors (purple cylinders −4). Photodetectors closer to the site of gamma photon impact will receive more visible light photons, while those further away from the site will receive less (4). Those photodetectors that receive more visible light photons will release a greater electrical current, while the detectors further away will release a small electrical current (5). This is the basis of the Anger circuitry for geometric localization. (C) Cadmium-zinc-telluride (CZT) detectors are solid-state and directly convert gamma photons into electrons at room temperature. When a gamma photon (1) strikes a CZT detector (2), pairs of electrons and holes are generated (red and blue balls, respectively). These create an electrical potential across the detector which is proportional to the energy of the impinging radiation. The resolution is limited by the size of the CZT detector—currently about 2.4 mm on a side.


To obtain useful images, the incoming angles of incidence of gamma photons must be restricted. For this purpose, a collimator is positioned between the patient (the source of radiation) and the crystal (the detector). A collimator is made of a perforated slab of lead, absorbing most gamma photons except those which arrive parallel to the axis of the collimator holes (Figure 1). The design parameters of the collimator (e.g., hole diameter and length, septa thickness), determine the overall resolution of the imaging system. The commonly used collimator for 99m-Technetium studies is the studies is the low energy/high resolution (LEHR) collimator with a resolution of ~6.5 mm at 10 cm distance. Note: the resolution of the collimator is a function of distance; thus, to maximize image quality, the distance between the patient and the surface of the collimator must be minimized.

As the collimator rejects most of the incoming radiation, it shall be clear that it has a huge impact on the overall system sensitivity. Specialized collimator geometries have been developed over the years such as fan beam or cone beam but their prevalence in the field is small.

The size of the detector determines the efficiency with which a particular nuclear medicine procedure can be executed. For a general-purpose gamma camera, the most common detector size is 21 in. × 15 in. allowing a whole-body bone scan (one of the most frequently ordered SPECT scans) to be performed in a single pass. Obviously, this size is much more than what is needed for a brain scan and complicates patient positioning as the large physical size of the detectors make it harder to get close to the patient's head without truncating parts of the brain. These pragmatic limitations result in the brain being a greater distance from the detector and therefore occupying a smaller percentage of the detector's field of view. Hence, fewer counts accumulate in each cell of the matrix (see Acquisition Matrix and Acquisition Zoom below) and many cells have no counts whatsoever.

One way to increase gamma camera sensitivity is by using more detectors. The most common gamma camera today has 2 detectors, cutting imaging time in half for most procedures (or doubling the statistics compared to a single detector camera). In many cameras, these heads can be positioned in opposition to each other or at a right angle to each other. In the past, triple detector cameras were manufactured specifically for brain imaging, but small production volumes meant that such products were not viable, and manufacture of these cameras has ceased. Nonetheless, surviving triple detector cameras are still widely used.

A fundamental advance in gamma camera technology has been underway over the past decade and new cameras with higher resolution and higher efficiency are now commercially available. Essentially, gamma photon detectors have changed little since the early days of research. The workhorse of the gamma camera has been the sodium iodide (NaI) crystal described above (Figure 1B).

In contrast, the recently developed Cadmium Zinc Telluride (CZT) detector is a semiconductor that directly converts x-ray or gamma-ray photons into electrons at room temperature. Typical CZT detectors are fabricated with a thin layer of metal deposited on both of surfaces of the detector to act as electrodes. These electrodes then allow the detectors to be electrically biased and, thus, creating an electrical potential across the detector. One surface acts as a cathode and one acts as an anode. As shown in Figure 1C, when a gamma photon collides with the biased CZT, a pair of electron/hole is generated, which are proportional to the energy of the absorbed radiation. Negatively charged electrons and positively charged holes migrate to their respective electrodes and are collected. This process is referred to as photoelectric absorption.

CZT detectors have led to the development of cameras with much higher resolution. The resolution is no longer limited by the spread of visible light photons in the NaI crystal or by the collimator. CZT detectors can be made very small (e.g., 2.4 mm square). There are 1,000 CZT detectors in each camera head. Each functions essentially as a pin-hole camera. As a result, the intrinsic spatial resolution (ISR) of a modern CZT gamma camera falls to 2.46 mm. This is considerably higher than the 7.0 mm ISR of current dual-head gamma cameras and exceeds the 4.0 mm ISR of currently available PET cameras.



Patient Preparation and Positioning

Equally critical in obtaining a quality SPECT scan is the proper preparation of the patient. This will be briefly explored here, but a detailed description is provided in the Canadian Association of Nuclear Medicine guidelines (30). Patient preparation begins long before the day of the scan and includes potentially stopping medications. The decision to stop current medications prior to a scan should never be made lightly. Some patients or referring clinicians may prefer to obtain a scan without medications; however, scans are still informative if patients do not stop their current medications—with a few exceptions. The decision should be made in consultation with the referring or treating physician. If the decision is made to stop medications, then a safe and comfortable taper should be planned.

There are a small number of medications which should always be stopped prior to a functional brain scan, because they either artificially increase or decrease brain perfusion. A number of commonly ingested substances increase cerebral blood flow. For example, all stimulant medications should be withheld for 72 h prior to a scan. Patients should avoid caffeine for 48 h prior to a scan. Similarly, over-the-counter medications or supplements containing pseudoephedrine, caffeine, ephedrine, guarana, or taurine, as well as energy drinks, should be avoided. Nicotine should be avoided for 48 h, but this is difficult for most individuals who use nicotine. Therefore, a modified restriction for 12 h prior to the scan is often acceptable. Acetazolamide (Diamox) is used to treat glaucoma and high altitude sickness. This medication robustly increases cerebral blood flow and should be stopped 48 h prior to a scan. Substances that artificially lower cerebral blood flow should be avoided as well. Benzodiazepines should be withheld for 48 h prior to a scan. If a patient is on a stable dose of a benzodiazepine, they may require a careful taper to discontinue the medication or it may be necessary to accept a low dose of benzodiazepine, if the risk of withdrawal or seizures is too great. Alcohol and marijuana, as well as any illicit drugs, should be avoided for 48 h before a functional brain scan. Caution should be exercised with patients who are heavy users of alcohol, caffeine, nicotine or illicit drugs to not precipitate a dangerous withdrawal situation.

Patients should be cautioned to avoid chewing gum or eating in the 2 h prior to injection of the radiopharmaceutical for a perfusion SPECT scan. This reduces extraneous uptake of tracer into salivary glands. Similarly, keeping patients calm and limiting situations that induce weeping will reduce uptake in lacrimal glands. Patients should be well hydrated prior to a SPECT scan.

At the time of radiopharmaceutical injection, the patient should be positioned in a comfortable reclining chair or exam table with raised head and an IV started. Ideally, lights should be dimmed and the room quiet. Sound-dampening headphones can be helpful. For a baseline scan, the patient should be asked to close their eyes at the time of injection of the radiopharmaceutical and keep them closed for 2 mins. Closing the eyes reduces visual cortex activity. Regardless of whether 99mTc- ethyl cysteinate dimer (ECD) or 99mTc- hexamethylpropyleneamine oxime (HMPAO) is utilized, the activity of the brain will be captured, essentially a frozen distribution of radiopharmaceutical, within 2 mins of injection.

Scrupulous technique must be utilized in quality control and preparation of the radiopharmaceutical. The details of this process extend beyond the scope of this article. Suffice to say, it is critical not to spill radiopharmaceutical on the patient or the patient's clothing near the head.

Following radiopharmaceutical injection, the patient should have ~40 mins to allow for washout of non-specific binding. During this time, the patient should be encouraged to drink at least 16–24 ounces (500–750 ml) of water and to void urine at least once. This facilitates comfort during the scanning process, reduces motion, and eliminates excess unbound radiopharmaceutical (HMPAO and ECD are predominately cleared by the kidneys). Further discussion of radiation safety is beyond the scope of this article but are reviewed at length elsewhere (31–33).

Positioning the patient in the gamma camera is a critical step in the production of a quality SPECT scan (Figure 3). The camera heads should be as close to the patient as possible without actually hitting the head or shoulders during rotation. CTZ cameras will greatly alleviate the geometrical limitations posed by large sodium iodide detectors, as shown in Figure 2. The settings of distance from detector, acquisition zoom, and collection matrix determines the counts per pixel, as described below. Assuring that the correct matrix setting is utilized will maximize the statistics of the SPECT scan.


[image: Figure 2]
FIGURE 2. (A) Standard dual-head gamma cameras are too large to get close to the patient's head without hitting the shoulders during rotation. As a result, the field of view of the detector is often poorly utilized with a significant portion of the detector collecting no signal from the brain. (B) CZT detectors are quite small and can be mounted such that the detectors can get very close to the patient's head, maximizing the portion of the field of view occupied by the patient's head. (C) Modern CZT gamma cameras can be configured to withdraw the detectors heads during rotation and then (D) extend the detectors to close proximity of the patient's head during the scanning portion of a step-and-shoot protocol.
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FIGURE 3. An example of a poorly executed perfusion SPECT scan. (A) Projection cine, sinogram, linogram, and summed projections illustrate minimal motion artifact. However, multiple technical errors are evident. The detectors were positioned excessively far from the patient and the acquisition zoom was not correctly set which resulted in large areas of empty space above the head and inclusion down to at least the clavicle in the field of view. In addition, a spill artifact is seen at the level of the clavicle (red circle). The area occupied by the organ of interest—the brain—makes up a small part of the acquisition matrix, best demonstrated in the summed projections. (B) A close-up view of the projection cine illustrated relatively high uptake in the facial region (yellow circle) relative to the uptake in the brain (green circle) and the spill artifact (red circle) contributing significant number of counts which are unrelated to the brain. (C) Sagittal and coronal alignment images illustrating considerable uptake in the salivary glands and free technetium in the scalp. All of these extraneous counts will reduce the statistics available from the brain. Furthermore, the low spatial resolution of this poorly executed scan is clearly evident.


The patient's head should be positioned in the head holder in a comfortable manner. Soft padding and soft compression wrapping can be utilized to minimally restrain the head to assure the least motion. The patient should be instructed to avoid head movement and, in particular, avoid nodding the head. Rotational movement is exceedingly difficult to correct. Motion can be checked using the sinogram or linogram (see Figure 3) in the camera software. If motion is excessive, then the scan should be repeated. The consequences of poor technique and patient preparation are illustrated in Figure 2.



Data Acquisition

As in all nuclear medicine studies a trade-off must be made between counts (statistics) and scan time. For patient comfort, shorter scan times are preferred, and it is recommended to keep acquisition time within the clinical tolerable limit (30 min). For good image quality, more counts are better, and for a brain SPECT scan it is recommended to acquire 10M brain-specific counts minimum. This will necessitate acquiring more than 10M total counts due to extraneous counts from non-neural structures (e.g., scalp, facial structures).

There are several factors that have an impact on the acquired number of counts in a scan. The following factors increase the number of counts, and they are reviewed below:

1. utilizing a camera with multiple detectors.

2. using a collimator with higher sensitivity.

3. increasing acquisition time.

4. increasing radiopharmaceutical dose.


Number of Detectors

Brain SPECT scans require a full 360° rotation around the subject's head. The total number of acquired counts increases proportionally with the number of detectors. Single detector cameras should not be utilized [as shown in Part I (2)]. The new CZT detector-based cameras will greatly enhance scan resolution and quality.



Collimation

The reconstructed resolution of a gamma camera system is determined largely by the collimator resolution. Brain SPECT perfusion studies are acquired with 99mTc and require a “low energy” (LE) collimator. Collimator design is a trade-off between resolution, sensitivity, and septal penetration (rejection of unwanted photons). Because collimator terminology is not standardized between vendors, it is important to review the collimator specifications rather than relying on terms like high resolution (LEHR) or general purpose (LEAP).



Acquisition Time

The total number of counts in a SPECT scan is proportional to the acquisition time. Longer acquisition times will increase the susceptibility to patient motion which has a detrimental effect on image quality. Therefore, every effort should be made to maximize patient comfort during the scan. However, there is a limit to how far the acquisition time can be extended without risking patient motion. A practical limit is 30 min. For uncooperative patients, other measures may be necessary such as head restraints or sedation. Note that sedation can be used without interfering with the scan if it is administered after the injection of the radiopharmaceutical. Since the perfusion image is captured within ~40 secs of radiopharmaceutical injection and remains largely unchanged thereafter, tranquilizers or full sedation can be administered without altering the scan image.



Injected Dose

The total number of counts is proportional to the injected dose. It is recommended to maximize the allowable dosage without exceeding radiation limits for best results. Details are provided in the Canadian Association of Nuclear Medicine guidelines (30).




Acquisition Matrix and Acquisition Zoom

The acquisition matrix determines the granularity of the acquired images. However, unlike in photography, a higher matrix in nuclear medicine does not necessarily produce a better image. The reason is that count statistics are low in nuclear medicine and pixel density drops by a factor of 4 for each doubling of matrix size. Lower pixel density means more noise which can be reduced by filtering, but filtering lowers the resolution of the image. Thus, there is a trade-off in choosing an optimum value for the matrix size in SPECT scans.

Typically, acquisition matrices are not arbitrary in size but limited to powers of 2. This reduces the useful choices for SPECT imaging to 3 values: 64, 128, and 256. The optimal choice is determined by the field of view of the detector and the expected/desired image resolution. It is the collimator, not the intrinsic resolution of the camera, that determines the overall resolution of the system. For a high-resolution collimator, the reconstructed resolution of a clinical SPECT scan using a sodium iodide crystal scintillation camera is on the order of 8 mm. The sampling theorem states that the sampling size (the pixel size) must be half, or less, of this value. This means the SPECT scan pixel size should be no larger than 4 mm. A general-purpose dual detector camera typically has a 20 in. field of view (FOV = 508 mm). Continuing with the example, to sample with 4.0 mm pixels, the required minimum matrix size would be 508/4 = 127. This means that in this example the 128 matrix is the best choice.

Thus far, it has been assumed the acquisition zoom is 1.0 (i.e., no zoom). Setting an acquisition zoom >1 means that the effective field of view of the detector is reduced by this factor. This is an option when the acquired object (the human brain in our case) is significantly smaller than the size of the detector. The zoom factor gives finer control over the pixel size as the increase/decrease of matrix size changes the pixel size by a factor of 2. For example, given a detector with a 15 in. field of view (381 mm), and the goal of a pixel size of 4.0 mm, the choice of matrix will affect the count density. The pixels size for a 128-matrix would be 381/128 = 2.98 mm, which is a bit smaller than needed. Count density is computed as the number of counts accumulated per unit area; a smaller pixel size therefore reduces the count density as there are more pixels per unit area. Since the area of one pixel is the square of its size, a reduction in size from 4.0 mm to 2.98 mm lowers the count density by a factor of 2. A 64-matrix size on the other hand gives a pixel size of 5.95 mm which is too large. However, the desired pixel size of 4.0 mm can be obtained by using an acquisition zoom of 5.95/4.0 = 1.49. This zoom will reduce the field of view by the same factor to 381/1.49 = 256 mm. If the patient's head is properly positioned this would just suffice to acquire a brain SPECT scan without truncation, while maximizing pixel count density and pixel size.



Image Reconstruction

A series of raw images (i.e., projection data) as acquired by a SPECT camera cannot be interpreted directly but must first be reconstructed. Reconstruction is a part of the image generation process and should therefore be considered an extension of the gamma camera. In other modalities, such as CT, the user is often removed from the reconstruction process but in SPECT imaging, the choice of reconstruction parameters is paramount to the attainable image quality and depends strongly on the imaging equipment, the local acquisition parameters, and quite often the patient itself.

In terms of image reconstruction, a general distinction is made between filtered back projection and iterative reconstructions. They differ considerably and are discussed in some detail below.

There are other image processing functions that can be considered part of image reconstruction, most notably: attenuation correction, which is an essential element of brain SPECT imaging. Other optional functions include scatter correction and resolution recovery which are also discussed below.


Filtered Back Projection (FBP)

Back projection (BP) has traditionally been used, because it is simple, fast and readily available. While reviewed briefly here, a much more detailed description is provided in the Canadian Association of Nuclear Medicine guidelines (30). However, BP is not the best suited method for SPECT reconstruction. The prerequisites for BP to work correctly are that it is expected that the data has unlimited statistics and has perfect resolution (pencil beam reconstruction). For SPECT data these two requirements are not valid and represent an approximation. To deal with these limitations a filtering function is introduced to reduce the noise level in the reconstructed images to make them interpretable. The combination of filtering and back projection is commonly referred to as Filtered Back Projection (FBP). The filter is commonly implemented as a pre-filter, i.e., the raw projection images are filtered prior to back projection. The typical type of filter used in SPECT imaging is the Butterworth filter which is controlled by two parameters: cut-off and order. The order is usually fixed at 3 or 5, and the cut-off determines the final resolution and noise level (image texture). Please note that the cut-off is related to the sampling, i.e., the pixel size of the images. Higher sampling (i.e., smaller pixels) require a lower cut-off to achieve a similar smoothness compared to images acquired with larger pixels.



Iterative Reconstruction (IR)

Unlike FBP, iterative reconstruction is more of an umbrella term, which does not say much about the method or its performance. The Canadian Association of Nuclear Medicine guidelines (30) provides a more detailed discussion.

Two of the most common generic iterative reconstruction schemes are known as maximum likelihood estimation method (MLEM) and ordered subset expectation maximization (OSEM). The latter is more frequently used in SPECT imaging because it is a faster algorithm. For performance reasons, most OSEM implementations were initially in 2D (i.e., slice by slice) but nowadays most vendors have switched to a full 3D implementation. OSEM-3D is the preferred method in SPECT, because the limited resolution of the data results in considerable crosstalk between slices which is ignored in 2D implementations.

An iterative reconstruction engine goes through several iterations whereby the forward projection of the reconstructed slices is compared to the raw projection images. An error signal is added, or multiplied, to the synthetic projections and back projected again. This process repeats itself until the differences between the original projections and the computed projections are below a certain error threshold or until a set number of iterations is reached.

The most important advantage of iterative reconstruction in SPECT imaging is the fact that the imaging system (i.e., gamma camera and collimator) can be modeled in the algorithm, resulting in more accurate images. Iterative reconstruction methods tend to provide greater image contrast, i.e., the differences between areas of high and low uptake are enhanced and the overall dynamic range of useful information is extended. However, it also causes structures that appear singular and smooth in FBP to be visualized as clusters of hotspots. The images may appear sharper and of higher resolution, however the additional detail can appear noisy. A smoothing step is often utilized.

It should be noted that unconventional detection geometries such as line array detectors and multi-pinhole collimation, require specialized iterative reconstruction technique to produce images. However, the computational performance available today, allow such sophisticated algorithms to run in clinically acceptable time frames. In other words, these new technologies allow extraction of more information from scans performed under similar conditions.




Attenuation Correction (AC)

All SPECT imaging is affected by attenuation which must be corrected for in brain imaging. The effect of attenuation depends on the energy of the emitted gamma quants, the density of the medium, and the distance traveled by the quant through the patient's body. The loss of transmission due to attenuation is an exponential function of distance. For 99mTc (140 keV) the attenuation coefficient is 0.15 cm−1, which translates to a transmission loss of 50% when photons travel 4.58 cm through water (density = 1.0). As a result, photons originating from the center of the brain (basal ganglia) are detected with an apparent lower count rate than photons originating from the surface of the brain (cortex). Since the objective of brain SPECT perfusion imaging is to measure and compare regional blood flow in different functional areas of the brain; this cannot be done without attenuation correction.

Note: the theoretical attenuation coefficient of 0.15 cm−1 for 99mTc in water must typically be reduced to 0.12 cm−1 to compensate for the presence of scatter. The exact value can be determined through a phantom measurement acquired under the same conditions as a brain SPECT scan.

The most common implementation of attenuation correction in brain SPECT imaging is a post-reconstruction technique based on the method developed by Chang (34). This method assumes that the attenuation within the patient's brain is uniform which is a first order approximation, because it does not consider the bony structures surrounding the brain. Given the overall resolution of SPECT imaging this simplification is acceptable because the differences compared to more accurate attenuation models are insignificant. Most modern cameras and software automate the attenuation process.

Hybrid SPECT/CT cameras have a CT scanner on board which can be used to obtain a real density map of the patient's head from which an attenuation map, a so-called μ-map, is computed. This μ-map is then used within the iterative reconstruction engine to correct for attenuation during the forward and backward projections, referred to as CT-guided attenuation correction (CTAC). Although the CT scan itself is of limited diagnostic use in brain SPECT perfusion imaging, and the CT scan adds to the total radiation exposure, it is still considered the most accurate implementation of attenuation correction.



Resolution Recovery

The resolution of a gamma camera equipped with a collimator changes with distance. A parallel hole collimator basically is a slab of lead of a certain thickness, with lots of small (circular) holes in it. The intent is to only pass gamma photons that enter a hole perpendicular to the surface of the collimator. Photons arriving from different angles are attenuated by the lead walls between the holes and do not reach the detector. Due to the final length of the holes, they have an acceptance angle, i.e., photons arriving from angles that are slightly off perpendicular still make it to the detector. Looking back from the detector through the collimator holes, the circular area that is seen increases with distance which means the resolution of the imaging system decrease with distance. This is the reason why in nuclear medicine the imaging distance is so important to obtaining data of high quality (resolution).

The loss of resolution with distance is a pure geometrical effect and it is constant for a given collimator design. The collimator can be modeled in the iterative reconstruction engine with just a few parameters. During each forward and backward projection cycle the change in resolution is accounted for, and thereby resolves a higher resolution image. This method is also known as collimator deblurring which more accurately describes its function.

Today most iterative reconstruction implementations for SPECT imaging include this function. It is a good reason to switch from FBP to iterative as it brings a real advantage to the imaging chain.



Scatter Correction

All gamma camera systems can acquire multiple energy windows simultaneously. This feature was originally developed for dual-isotope imaging to capture photon events at multiple energy levels. However, it can also be used to capture scattered events which can provide information that can be used to our advantage.

Scatter correction typically requires the acquisition of two additional energy windows, surrounding the photopeak window, in separate image channels (triple energy window technique). Because the scatter windows contain scattered events only, and their energy is in close proximation to the photopeak events, their noise spectrum is considered like the noise spectrum of the scattered events recorded in the photopeak window. By means of a weighted subtraction technique, the noise content of the photopeak images may be reduced; however, it can never be completely removed.

In theory, scatter correction will increase the signal-to-noise ratio of the acquired images. Phantom measurements are typically used to show its effectiveness; however, its performance on clinical data is highly dependent on the correct adjustment of weighting and care must be taken not to overcorrect the images. We want to separate the good counts (wanted signal) from the bad counts (noise), by subtracting out an estimation of the noise. Because the noise estimation can never be exact, the process can easily subtract too much and degrade our signal.



Comparing Methods

Images produced by FBP and iterative reconstruction from the same projection data will be different (Figure 4). Most of the differences will be due to image texture (e.g., signal-to-noise ratio, resolution, etc). However, it cannot be excluded that a different image may lead to a different interpretation. This can be a complication, especially in a mixed environment. Because each brain is unique, it can take years of experience to become a fully-rounded reader. Therefore, it is so important to produce images in a consistent way. Despite their assumed superiority over FBP, the challenge for using iterative reconstruction is the lack of standardization. These issues are explored in greater detail in the Canadian Association of Nuclear Medicine guidelines (30).
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FIGURE 4. Histogram of FBP (white line) vs. Iterative Reconstruction (red line). These figures illustrate the difference in behavior of FBP vs. IR on the same clinical projection data. (A) The area under the histogram curves is the same but the peak is shifted downwards for IR. This is consistent with our expectation that IR will increase image contrast, i.e., the noise is pushed down, and a higher maximum is resolved. (B) In a cumulative distribution curve, the median count of the reconstructed volume is lower which must be considered when making direct comparisons.




Reading a Perfusion SPECT Scan

The evaluation and interpretation of a brain SPECT scan is a complex matter, and each person is certain to develop an individual approach. Although there currently is no universal recipe for reading a brain SPECT scan, there are several basics that must be covered. Indications or disease states, including psychiatric indications were explored in detail in Part I of this two-part series (2) and are codified in the Canadian Association of Nuclear Medicine guidelines (30).

Before reading a brain SPECT scan, the reader should verify that the technical quality of the scan is acceptable. If the scan quality does not meet expectations, the patient should be re-scanned. In marginal situations, the reader should at least be aware of the technical problems and take them into consideration when interpreting the scan. The following list of items should be checked against the raw projection data:

(1) patient motion: re-scan the patient if too much motion.

(2) sufficient counts: >10 M are desired, <5 M unacceptable.

(3) absence of truncation: the entire brain should be in the field of view.

(4) sufficient delay between injection and imaging: minimal scalp and facial structure uptake.

(5) correct pixel size: 2–4 mm desired range.

Ideally, these items should be checked immediately after the scan and before the patient is released. The patient can be re-imaged within 2–3 h after injection without the need for re-injection.

Once the raw data is accepted, it can now be reconstructed. The checklist for the reconstructed data should include the following items:

(1) free from artifacts.

(2) properly masked: remove any activity outside of the brain, like salivary glands, nasal cavity, lacrimal glands.

(3) properly re-oriented.

(4) image resolution and texture correctly set (i.e., not too noisy, not too smooth).

SPECT scan data can be displayed in a number of ways. Tomograms provide the most anatomical information, particularly about deep structures. The tomograms and reconstructed images should be displayed in a suitable color scale. Although grayscale images are commonly used in radiology to visualize anatomy, it should be note that perfusion SPECT neuroimaging is a functional imaging modality, and most studies are best displayed in color as reviewed at length in Part I (2). To briefly reiterate, SPECT functional brain scans are demonstrating differences in perfusion as a one-off metric of neural activity. The difference in perfusion in an area of impaired function can differ by 12% or less and still have clinical significance. Several studies have shown that color vision is superior for detecting low contrast differences (35–38). While gray scale provides superior resolution of spatial details, it is considerably less sensitive at differentiating low-contrast signals. The selection of color scale is often a matter of personal preference; however, certain color scales have embedded reference to the physiological parameters of interest. In the case of perfusion SPECT neuroimaging, the use of a color scale that provide convenient and practical reference to the physiological properties of perfusion is highly recommended.

The regional cortical counts of both 99mTC-HMPAO (39, 40) and 99mTC-ECD (41) have been compared to direct measurements of regional cerebral blood flow using 133Xenon. Both neurological and psychiatrically normal subjects and subjects with known perfusion defects were scanned both with 133Xenon and the respective radiopharmaceutical sequentially in the same scanner with no change in position. Regional cerebral blood flow (rCBF) was calculated by the method of Kanno and Lassen (42) from 133Xenon data. Linear regression analysis was utilized to characterize the relationship between count densities for ECD or HMPAO and rCBF based on 133Xenon. For ECD, the correlation was good (r = 0.88) with a slope of 0.83 (41). In the case of HMPAO, the correlation was also good (0.92) with a slope of 0.82 (40). Both ECD and HMPAO correlate well with 133Xenon studies over physiological ranges but do underestimate blood flow at high velocities (40).

The same group (43) had earlier examined 133Xenon CBF in 97 volunteers free of psychiatric or neurological conditions. They determined that the mean CBF was 71 ± 12 ml/min/100 g of grey matter. A number of groups have examined CBF in whole brain, gray matter and white matter using Xenon SPECT (43–47), Xenon CT (48, 49), 15O-water PET 48, and arterial spin labeling MRI (50–52). Across the techniques and research groups, the estimated mean CBF in gray matter is 70.3 ± 8.35. Figure 5 illustrates the color scales with the mean and standard deviations labeled. In addition, a case is illustrated using isocontour representation, two different, but similar color scales (described below) and a statistical comparison to a normative database. The figure is an adaptation of Figure 4 from Part I of this series (2) and the case is more fully described therein.
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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 Ubiq40 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 Ubiq40 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 99mTc-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 Ubiq40. (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 Ubiq40 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).


For brain SPECT perfusion studies, we recommend the DGP40% scale for HMPAO (illustrated as the color scale on the right in Figure 5) and the DGP35% scale for ECD studies. A very similar, earlier, rendition of these color scales is the Ubiq40, also illustrated here. These color scales were specifically developed for brain SPECT imaging by one of the authors (DGP) and they have several design features that make them especially useful. These two scales are static and do not require any manual window leveling; in fact, the user should refrain from making any window level adjustments to allow for consistent and reproducible settings. The two scales have a lower threshold of 40 and 35% respectively, removing any background noise that would otherwise interfere with the images. These color scales are discrete and are made up of 21 color bands of a fixed width. The color progresses in a natural fashion from dark blue to white, based on the geographic model. The very top of the scale is black, which allow the reader to immediately locate the hottest area in the scan as it appears as a small black spot or area within a larger white area. The location of the maximum is an important clinical parameter. Typically, the maximum is located in the cerebellum (HMPAO) or visual cortex (ECD). A maximum located elsewhere (e.g., thalamus) is an important clinical finding.

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.
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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 3rd 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 aspect of the basal ganglia separated only by the thin external capsule.


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-IV (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 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 133Xenon 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 AI 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 AI 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 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 123I-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 AI 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 18F-flortaucipir and the tradename TauvidTM) 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 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 18F-flortaucipir to predict amyloid status (regardless of diagnosis) vs. controls with a sensitivity of 94% and specificity of 83% (104). However, 18F-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 18F-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 123I-ioflupane or 123I-FP-CIT, commercially marketed as DaTscan (108). 123I-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 99mTc-ECD and 125I-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 Table 1 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.


Table 1. The role of functional neuroimaging in the differential diagnosis of Parkinsonian syndromes.
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[image: Figure 7]
FIGURE 7. Flowchart for evaluation 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 (Figure 8). 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 signal abnormality in the left temporal lobe visible only on T-2 weighted images (Figure 8). He then underwent a perfusion SPECT scan.


[image: Figure 8]
FIGURE 8. (A) CT scan at two levels obtained in the acute setting. CT read as normal. (B) FLAIR protocol MRI at four levels. No abnormality visible. (C) DTI MRI at four levels. A small area of high signal is noted in the left temporal lobe (red arrow).


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 Figure 9. Lastly, the scan was compared statistically to a normal database (Figure 10).


[image: Figure 9]
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–I) 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 Ubiq40 color scale as described in Figure 5.



[image: Figure 10]
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.


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 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 déjà 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 (8–9 h 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, 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 Figures 11, 12). This finding is suggestive of a toxic brain injury or infection (2, 30, 82, 84). These perfusion SPECT findings prompted further questions (133).


[image: Figure 11]
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–I) 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. (I) Inferior view with cerebellum removed. Color scale is the Ubiq40 color scale as described in Figure 5.



[image: Figure 12]
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.


Further history revealed no use of alcohol, marijuana, other substances of abuse, solvent sniffing, or other possible toxin exposures. The patient consumed city-provided water rather than well water, eliminating another possible source of toxins. History of travel revealed a trip to the Minnesota lakes region and multiple tick bites ~10 months prior to the index episode. The extensive involvement of the temporal lobes was consistent with findings in Lyme disease in the research literature (134, 135).

Blood tests were obtained from specialty labs. The patient had positive immunoglobulins for Bartonella quintana and for Bartonella henselae. Polymerase chain reaction (PCR) tests were also positive for these two infections. Northern blots were positive for both IgM and IgG for Borrelia burgdorferi based on Centers for Disease Control (CDC) research criteria (136) (IgM immunoblot positive for bands 23 and 41 with a negative Epstein-Barr test; IgG immunoblot positive for bands 28,30,45,58,66). Labs were negative for Babesia microti. Both B. burdorferi and B. henselae has been associated with psychiatric symptoms, including psychosis (137–142). Antibiotic therapy over the subsequent months brought resolution of symptoms and a repeat PCR was negative for both infectious agents. The patient was spared a lifetime diagnosis of bipolar disorder with the attendant psychopharmacological treatment and its potential adverse side effects.




DISCUSSION AND ACTIONABLE RECOMMENDATIONS

Perfusion SPECT neuroimaging is a highly sensitive modality which has much higher contrast that CT or MRI, although it lacks the higher spatial resolution. This makes it ideal for looking at subtle (and not so subtle) changes in function over large areas using the one-off metric of local cerebral perfusion. SPECT scans now have much greater resolution, multiple normative databases, and sophisticated post-processing software. Moreover, the introduction of a new solid-state detector system utilizing CZT diodes will greatly increase the resolution of SPECT and reduce the radiation dose required. There are now numerous studies, often with quite large sample sizes, showing consistent and reproducible SPECT findings for a number of disorders. Given the major advances in our understanding of the SPECT functional neuroimaging findings for both neurological and psychiatric conditions as extensively reviewed in Part I of this two-part series, the position assumed 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).

2) Replace assumptions about the inferior sensitivity and specificity of SPECT neuroimaging compared to PET, fMRI, diffusion tensor imaging, and MEG neuroimaging, particularly in the areas of dementia, TBI, seizure disorders, and neuropsychiatric indications with updated comparisons as elaborated in Part I (2) and as demonstrated in the clinical examples herein. This includes appreciating that SPECT neuroimaging does not need to be diagnostic as a freestanding technique. The clinical examples herein emphasized the role that SPECT neuroimaging plays in distinguishing among overlapping diagnoses, recognizing comorbidities, and prompting the “asking of better questions.”

3) Foster collaboration and communication between Nuclear Medicine physicians knowledgeable about perfusion SPECT neuroimaging and neurologists, psychiatrists, and other prescribers.

4) Enhance knowledge of the technical aspects of perfusion SPECT neuroimaging to improve understanding of the limitations and strengths of the procedure as elaborated herein.

5) Explore revision of Nuclear Medicine procedure guidelines to match the current state of the art as elaborated in Part I and Part II of this two-part series. This process has already begun with the publication of the new Canadian Association of Nuclear Medicine Guidelines for Brain Perfusion Single Photon Emission Computed Tomography (SPECT) (30).

6) Explore revision of Neurology practice guidelines to include 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, stroke). The case is made herein that SPECT is a potent tool in the evaluation of TBI and warrants inclusion in Neurology practice guidelines based on Level IIa evidence meeting the criteria for a Type A recommendation by the standards set forth in the TTASAAN report (1) and the moral impossibility of achieving Class I evidence.

a. Additional guideline modifications to include the use of perfusion SPECT neuroimaging, when appropriate, in the differential diagnosis of dementia cases among amyloid-positive cases in the elderly (wherein false positives can occur) and in amyloid-negative cases of any age (as set forth in the clinical example herein).

b. Additional guideline modifications to include the use of perfusion SPECT neuroimaging, when appropriate, in the differential diagnosis of Parkinsonian syndromes (as set forth in Table 1 and Figure 7 herein).

c. Additional guideline modifications to include the use of perfusion SPECT neuroimaging, when appropriate, in the evaluation of toxic, infectious, 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).

b. 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).

c. Recognizing the value of SPECT in the uncovering and identification of co-morbidities.

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.



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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Patients who had a positive SPECT scan and clinical symptoms based on neurological
examination, neuropsychological testing, and concussion questionnaires, had repeat
SPECT scans at 3 months. If they had a positive SPECT scan at 3 months, then they had
repeat SPECT scan at 6 months, etc. The sensitivity and specificity of the baseline SPECT
for ciinical symptoms at 3 months was 78 and 61%, respectively. A persistently positive
SPECT scan was predictive of persisting neuropsychological symptoms. A positive scan
at 3 months hed a sensitiity and specificity for persisting symptoms of 91 and 61%,
respectively. If a scan was stil positive at 12 months, the sensitivity and specificity of
persisting symptoms was 100 and 85%, respectively. The PPV of the baseline SPECT scan
was relatively low (44%) largely reflecting the degree of recovery seen in this population.
Among patients with a negative SPECT scan at baseline, 92% were free of clinical
symptoms by 3 months and 100% were free of symptoms at 12 months (NPY).
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Aiso shown are the sensitivity and specificity for predicting the progression of mid
cognitive impairment (MCJ) to AD. Results for perfusion SPECT imeging are separated
based on data derived from studies utilzing single-headed vs. dual-headed cameras.
Also shown are sensitvity and specificity of predicting the progression from MCI to
AD for fluoro-deoxyglucose positron emission tomography (FDG-PET) and for amyloid
tracer PET.
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Brain region Visual Quantitative

Frontal lobe 28 30
Temporal lobe 29 30
Parietal lobe 14 21
Occipital lobe 9

Cerebellum 18 7

The second column titled *visual” displays the number of patients with evidence of
hypoperfusion for each mejor brain region based on qualtative or visual analysis
conducted during group meetings. The third column displays the number of patients with
evidence of hypopertusion based on quantiative analysis using the 3D-SSP software. A
hypoperfused region is defined as one containing clusters of pixels with perfusion greater
than 2 SD below the normal control perfusion level.
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34
54
55
7

zzmnzmm

Diagnosis

Treatment-resistant depression (TRD) as well as grief and the effects of prolonged polypharmacy
Regulatory disorder of childhood, post-head injury epilepsy, reflex sympathetic dystrophy (RSD)
Childhood-onset Tourettes, long history of alcohol abuse, severe depression, fatigue and sleep apnea
Meajor depressive disorder (MDD), panic/agoraphobia, chronic back pain, frequent headaches
Dermentia with major cognitive deficits and aphasia

Bipotar I, lifelong symptoms of depression, anxiety, impulsive behavior and family stressors

Treatment

CTK
HBOT and PSE
CTK
CTK
HBOT and PSE
CTK
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Sensitivity (95%
confidence interval)

Specificity (95% confidence

interval)

Positive predictive value (PPV) (95%

confidence interval)

All Conventional (“2D”) SPECT Scans

All 3D Thresholded SPECT Scans

Scans by diagnosis

Attention-Deficit Hyperactivity Disorder (ADHD)
Post-Mild Traumatic Brain Injury (mTBI)
Affective Disorders

Psychotic Disorders

Post-Viral Chronic Syndromes

Other Neurological

25.7% (17-37%)
94.3% (86-98%)
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2D:26.1% (13-47%)
3D: 89.5% (69-97 %)
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2D: not computable
3D: not computable
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2D: 100% (21-100%)
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2D:100% (21-100%)
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Diagnostic cluster (DSM-5 diagnosis or chapter)

Attention-deficit/hyperactivity disorder

Post-mTBI (mild traumatic brain injury) (DSM-5 chapter: Neurocognitive
Disorders, those disorders “due to traumatic brain injury”)

Affective disorders (DSM-5 chapters: Bipolar and Related Disorders,
Depressive Disorders)

Psychotic disorders (DSM-5 chapter: Schizophrenia Spectrum and
Other Psychotic Disorders)

Post-viral chronic (“Long Haul“) syndrome (DSM-5 chapter:
Neurocognitive disorders, those disorders due to post-viral sequalae
“due to another medical condition”)

Other neurological (DSM-5 chapter: Neurocognitive Disorders, due to
neurological conditions)

Chronic fatigue, fioromyalgia (DSM-5 diagnosis: Somatic Symptom
Disorder)

Anxiety disorders (DSM-5 chapter: Anxiety Disorders)

Chronic pain (DSM-5 diagnosis: Somatic Symptom Disorder, persistent,
with predominant pain)

Dementia (DSM-5 chapter: Neurocognitive Disorders, due to
Alzheimer’s disease or other medical conditions causing dementia)
Total Patients

Number of patients

24
19

11

73

%

33%
26%

15%

5%

5%

5%

4%

3%
1%

1%

Mean age (standard
deviation) (years)

47.5(9.1)
45.4 (12.9)

54.4 (16.9)
55.5 (7.0)

51.8 (9.6)

52.0 (11.2)
55.3 (10.0)

51.0 (12.7)
42

60

Mean duration between
scans (standard
deviation)(days)

347 (248)
405 (414)

702 (1,043)

373 (305)

263 (159)

503 (396)

653 (479)

896 (1118)
1056

322
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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 Rigicity Rigicity
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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Region

Baseline
L caudate

R caudate

L cerebellum 7b

R cerebellum 7b

L cerebellum 8

R cerebellum 8

L cerebellum 9

R cerebellum 9

L cerebellum crust

R cerebellum crust

L cerebellum crus2

R cerebellum crus2

L anterior cingulate gyrus

R anterior cingulate gyrus

L mid orbital frontal 9

R mid orbital frontal 10

R superior orbital frontal lobe 10
L hippocampus

R hippocampus

Rinsula

L inferior occipital lobe
Rinferior occipital lobe

R middle occipital lobe

L superior occipital lobe

R superior occipital lobe

L palidum

R pallidum

R superior parietal

L anterior inferior temporal lobe:
R anterior inferior temporal lobe
L mid inferior temporal lobe

R mid inferior temporal lobe

L posterior inferior temporal lobe
R posterior inferior temporal lobe
L mid temporal pole

R mid temporal pole

L thalamus

R thalamus

Vermis 10

Vermis 8

Control

556+82
65.7 £ 8.1
476 +6.9
47.7 £ 81
492+78
49+8
51.4+85
514482
513+£8
50.7+ 83
47178
472+78
56.1+87
BRl&kBF
513+92
50.3+9.3
51.8+9.2
562+ 86
562+ 85
55.6 £82
499+ 85
486 +9.3
51.1+£87
519+ 85
521+£82
56.2 + 8.6
563 +8.7
496+ 84
479+9.2
4876
51+83
505476
516+78
51+85
49.7 £ 9.1
486 +9.2
55.1+£6.4
549+7.1
56.6 + 6.9
5174

ADHD

53.4£81
536+8
548+94
5424101
86.7£9.1
552+89
56 £8.6
569+86
546+8.1
546+84
543+£95
54.1+98
53.1+£82
53.1+82
542+82
541+£85
543479
53.7£81
53.7+£78
533£79
54.7+86
549+88
547483
544482
545+81
535+82
53.8+8.1
524 £87
53.4+93
53.4£97
54.1+£84
539+82
543+81
546+82
53.7+£92
539+93
53179
53.4+78
53+8.1
562+£82

F, p-value

39,004
42,004
332, <0.001
235, <0.001
27.3, <0.001
26.3, <0.001
15.5, <0.001
14.9, <0.001
8.7,0.003
11.2,0001
322, <0.001
27.3, <0.001
7.1,0.008
5.4,0.02
6.1,0.01
10.1,0.002
5.1,0.02
4.9,0.02
55,001
43,004
16.2, <0.001
26.8, <0.001
10.3, 0.001
46,003
43,004
56,001
46,003
5.3,0.02
18.3, <0.001
17.1, <0.001
7.5,0.006
9.3,0002
6.4,0.01
9.5,0.002
10.2,0.001
17.1, <0.001
5.1,0.02
52,002
10.3,0.001
11.2,0.001

This table shows the quantified statistically significant ROI differences between ADHD and
normal controls in Group 1 on baseline and concentration scans.
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Radiotracers

['28)) iodobenzamide

["221] epidepride
[1%8))-FP-CIT
[*23))-p-CIT

[23)) nor-p-CIT
[°™Tc]- TRODAT
[1231) iomazenil

['2%]) CNS-1261

1231 ADAM

[12%]) R91150

Neurotransmitters Binding sites

Dopamine Striatal post-synaptic Dz/Ds
receptor

Doparine Extrastriatal frontal Dz/Ds
receptors

Dopamine, serotonin DAT, SERT

Dopamine, serotonin DAT, SERT, NET

Dopamine, serotonin DAT, SERT, NET

Dopamine DAT

GABA GABA receptors (a1, a2, a3,
and o6 subunits)

Glutamate NMDA receptor

Serotonin SERT

Serotonin 5HT2A

Additional findings

BG/FG binding ratio was found to be negatively correlated
with EPS and lower in patients with schizophrenia on
antipsychotic treatment (13, 14).

Frontal D/Ds binding was found to be positively correlated
with positive symptom recuction (15).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16),

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

No significant difference was found between schizophrenia
and HC in a meta-analysis study (16).

Inconsistent results have been reported in patients with
schizophrenia (17).

Global binding was found to be reduced in schizophrenia on
clozapine treatment. No significant difference was found
between HC and treatment naive schizophrenia (18).
Results are controversial. Some studies found no significant
difference between HG and depression (19-21). Other studies
found lower SERT bicavailability in depression (22-24).
Compared to equivalent PET tracers, it has a lower
signal-to-noise ratio.

Harm avoidance was found correlated with high DLPFC
S5HT2A binding (25-27).
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