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Introduction 

In Japan, 27 per 100,000 persons yearly are hospitalized for a traumatic brain 

injury (TBI) 1, and the severity of injury classified by the Glasgow Coma Scale 

(GCS) at the time of admission has been as follows: mild 70%, moderate 10%, and 

severe 20%. The overall outcomes were categorized as good recovery 67.3%, 

moderate disability 11.3%, and severe disability 5.7%. However, the patients who 

did not require hospitalization were excluded from that analysis, and the actual 

number of patients with mild TBIs is higher. 

It was reported that approx.15% of TBI patients have persistent neurobehavioral 

impairments, even among those who suffered a mild head injury 2.  

Approximately 20% of overall patients with a TBI may have persistent 

neurobehavioral impairments including the symptoms described above. 

TBI causes brain dysfunction in many patients. Disturbed cognition is the 

hallmark symptom of TBI3, because focal injury is likely to occur in the 

frontotemporal lobe, and diffuse injury causes many forms of damage over a 

widespread area. In individuals who have incurred a TBI, cognitive disturbance 

rather than physical disturbance is characteristic. 

Many of the forms of cognitive disturbance caused by a TBI cannot be explained 

only by the site of the brain injury detected by magnetic resonance imaging (MRI). 

Neurobehavioral disabilities such as impaired attention, memory disorder, and 

executive function disorder interfere with TBI patients’ education and employment 

opportunities, causing serious economic losses and a significant decrease in the 

quality of their daily life. It is thus important to promptly make an accurate 

diagnosis, understand the clinical conditions, and provide rehabilitation and 

support to TBI patients on the basis of the diagnosis. Even patients who have 

suffered a mild head injury may experience after-effects that significantly and 

adversely affect their daily lives, including fatigue, memory disorder, and poor 

concentration 4-6.  

Cognitive dysfunctions such as aphasia, agnosia, apraxia, are clearly localized 

in brain function, and easily noticed in hospitalized living. The symptoms of a more 

advanced cognitive function disorder (e.g., not being able to concentrate on work, 

not being able to do multiple tasks at the same time) are not clearly localized in 

brain function and are often not noticed in specialized environments such as 

hospitals. These symptoms are often observed only after the patient returns to 

society. Patients with a brain injury who do not show residual focal neurological 

symptoms such as paralysis and aphasia are often discharged to return home after 

the acute phase, without confirmation of the need for rehabilitation.   

According to a survey conducted in Tokyo (a metropolitan area of approx. 12.8 
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million residents), 3,010 individuals (23/100,000 individuals) per year suffer from 

cognitive and behavioral changes as a result of brain damage, and the rate of TBIs 

in this population is estimated to be about 10% 7. This is lower than the number of 

patients suffering from neurobehavioral disability estimated from the 

epidemiology of TBI. There is a possibility that TBI patients are missed without 

being diagnosed. 

After having returned to society, such patients notice attention disorder and 

concentration, and consult a hospital. However, because the lesions often become 

unclear in the chronic phase (Figure 1), they may not be evaluated correctly and 

may not receive appropriate medical care. 

 

  

 

 

 

 

 

 

 

Neurobehavioral disability caused by TBI has the following characteristics, 

microscopic lesions are not detected by conventional MRI, functional localization 

from symptoms is not clear, symptoms are missed at discharge, lesions become 

unclear in the chronic phase. Due to above reasons, neurobehavioral disability 

caused by TBI is called “invisible disability”, patients are often unable to obtain 

the understanding of families and others, and are sometimes unable to receive 

appropriate medical care. 

The visualization of the anatomical lesions responsible for a neurobehavioral 

disability is essential for gaining an understanding of a patient’s clinical condition, 

making a diagnosis, and providing appropriate rehabilitation. In addition, changes 

in cerebral metabolism may be related in some way to a decline in cognitive 

Figure 1. A case of DAI.  

The high intensity area of 

MRI FLAIR, which was 

found in the corpus 

callosum in the acute 

phase, disappeared in the 

chronic phase. 
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function following a TBI, and an investigation of such changes will contribute to 

clinicians’ understanding of the patient’s pathological condition.  

In this study, I investigated the following subjects regarding TBIs with 

neurobehavioral disability. Chapter 1, deals with the question of whether it is 

useful to evaluate neuron loss by I-123 iomazenil single photon emission computed 

tomography (IMZ SPECT), as micro-brain damage is difficult to visualize by 

conventional MRI. In Chapter 2, the relationship between cerebral oxygen 

metabolism and cognitive function as examined by 15 O-labeled gas positron 

emission tomography (PET) is discussed.  

 

   



5 
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TIQ          total intelligence quotient 
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VOI           volume of interest 
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WISC-Ⅲ      Wechsler Intelligence Scale for Children- Third Edition 

WISC-R         Wechsler Intelligence Scale for Children-Revised  
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Chapter 1 

Usefulness of I-123 Iomazenil Single Photon Emission Computed Tomography for 

Detecting Loss of Neuronal Integrity in Patients with Traumatic Brain Injury 

 

Introduction 

TBI cannot be explained only by the site of the brain injury detected by magnetic 

resonance imaging (MRI), it is difficult to diagnose neurobehavioral disability 

caused by TBI in many patients. The visualization of the lesions responsible for 

neurobehavioral disability is essential for understanding the clinical conditions, 

making a diagnosis, and providing appropriate rehabilitation. Several reports have 

shown that the loss of neuronal integrity could be detected using C-11 flumazenil 

(FMZ) positron emission tomography (PET) 8-13. FMZ specifically accumulates in 

Benzodiazepine receptor (BZR). BZR forms a complex with the γ-aminobutyric acid 

type A (GABAA) receptor (Figure 2) and is distributed throughout the brain cortex. 

It represents a reliable marker of neuronal integrity in various neurodegenerative 

diseases. 

 

 

 

 

 

 

 

In patients with ischemic cerebrovascular disorder, FMZ has been reported to be 

a useful marker indicating the presence of irreversible changes in neurons, even 

in a region where abnormalities were not found by MRI 9 8. Several reports have 

shown that the loss of neuronal integrity in TBI patients can be evaluated by FMZ 

PET. We also have reported that TBI patients had low FMZ nondisplaceable 

binding potential (BPND) lesions indicating loss of neuronal integrity without MRI 

findings 12. Moreover, in the FMZ PET of patients with diffuse axonal injury (DAI), 

abnormalities were observed in regions showing no abnormal MRI findings 13. 

Similarly to FMZ PET, I-123 iomazenil (IMZ) single photon emission computed 

tomography (SPECT) can also be used to determine the distribution of the 

benzodiazepine receptor (BZR). IMZ SPECT has already been used clinically in 

many facilities for detecting epileptic foci in epilepsy patients (Figure 3). 

Figure 2. Scheme of GABAA receptor. 

BZR forms a complex with the GABAA receptor. 
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Although IMZ is expected to show results similar to FMZ, IMZ is a SPECT tracer 

and FMZ is a PET tracer. Moreover, whereas the quantification method for FMZ 

PET has been established, quantification by IMZ SPECT is difficult and requires 

considerable efforts, thus limiting its use. To the best of our knowledge, there have 

been no studies in which FMZ PET findings and IMZ SPECT findings were 

compared in TBI patients, nor studies on whether those findings agree with each 

other. 

The purpose of this study is to examine whether IMZ SPECT is as useful as 

FMZ PET for evaluating the loss of neuronal integrity in patients with 

neurobehavioral disability after TBI. 

 

Materials and Methods 

Patients 

The subjects of this study were seven patients who suffered from neurobehavioral 

disability after TBI. The patients underwent FMZ PET, IMZ SPECT, and MRI.  

  Patient characteristics were shown in Table 1. TBI occurred at least 2 months 

(mean, 6 ± 5.6 months) previous to the time of FMZ PET and at least 6 months 

(mean, 17.7 ± 12.6 months) previous to the time of IMZ SPECT. The mean age of 

the patients was 30.3 years (standard deviation, 11.6 years). Of the seven patients, 

five were males and two were females. The causes of injury were traffic accident 

in five patients, assault in one patient, and sport-related in one patient. Epilepsy 

patients were not included in this study. 

Figure 3. IMZ SPECT images in epilepsy. 

In this case, low benzodiazepine receptor 

area was found in the right temporal 

lobe. 
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Ethics, consent, and permissions 

The volunteers gave their written, informed consent in accordance with the 

Helsinki II declaration, and this study was approved by the Ethics Committees of 

Hokkaido University Graduate School of Medicine. 

 

PET 

Images were acquired with a 5-min transmission scan and a 60-min dynamic 

emission scan with the HR+ PET scanner (Asahi-Siemens, Tokyo, Japan) (Figure 

4) in the 3D acquisition mode, and images were reconstructed with the brain mode 

of manufacturer’s software. The energy window was 350–650 keV. The acquired 

3D sinograms were converted into 2D sinograms with the Fourier rebinning 

algorithm. The images were reconstructed by directinversion Fourier 

transformation. The reconstruction filter was a Hanning filter with 4-mm FWHM. 

The reconstruction matrix was 256 × 256, and the FOV was 33 cm in diameter. The 

full width at half-maximum (FWHM) was 6.4 mm after reconstruction. FMZ PET 

procedures were the same as previously described 9.  

Dynamic FMZ PET was performed on all the patients (Figure 5). The drugs that 

affect BZR were withdrawn at least 1 week before FMZ PET studies. The injected 

dose of FMZ was 370 MBq for each patient. A set of 27 sequential PET frames of 

increasing duration were obtained over 60 min after FMZ injection, according to 

the following protocol: 40 s × 1 frame, 20 s × 10 frames, 60 s ×4 frames, 180 s × 4 

frames, and 300 s × 8 frames.  

Table 1. Patient characteristics 



10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dynamic FMZ PET images. FMZ PET images in the early phase are 

regarded to be strongly influenced by blood perfusion, whereas those in the late 

phase are considered to be affected by receptor binding. 

Figure 4. PET. Images were 

acquired with the HR+ PET 

scanner (Asahi-Siemens, 

Tokyo, Japan). 
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A reference tissue compartment model was used for a noninvasive estimation of 

BPND with a time-activity curve in the pons as an indirect input function (Figure 

6). 

 

 

 

 

 

 

 

dCND/dt = K1 Cp - k2 CND - k3 CND + k4 CS ----(1) 

dCS/dt = k3 CND - k4 CS ----(2) 

dCr/dt = K1'Cp - k2'Cr ----(3) 

K1'/k2’= K1/k2 ----(4) 

BPND = k3/k4 ----(5) 

Cp is the metabolite-corrected plasma concentration (kBq/mL), Cr is the 

concentration in reference tissue (kBq/mL), CND is the concentration of 

nondisplaceable (free plus nonspecifically bound) ligand (kBq/mL), CS is the 

concentration of specifically bound ligand (kBq/mL), K1 is the rate constant for 

transfer from the plasma to nondisplaceable compartment (mL/g/min), k2 is the 

rate constant for transfer from the free to the plasma compartment (/min), k3 is the 

rate constant for transfer from the nondisplaceable to the bound component (/min), 

k4 is the rate constant for transfer from the bound to the nondisplaceable 

compartment (/min), K1’ is the rate constant for transfer from the plasma to the 

reference compartment (mL/g/min), k2’ is the rate constant for transfer from the 

Figure 6. Reference tissue model, with a two-tissue compartment model for the 

target region and a single-tissue compartment model for then reference region. 
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reference to the plasma compartment (/min), and t is time (min). The operational 

equation can be further simplified by assuming that the volume of distribution of 

the nonspecifically bound tracer in both tissues is the same as that obtained using 

Eqs.(4). Finally, BPND was estimated by the nonlinear least method using 

Lammertsma's simplified reference tissue model14. The parametric images were 

calculated with the program developed in our institute using Microsoft Visual C++ 

6.0 for Windows. 

 

SPECT 

The dose of iodine-123 IMZ was 167 MBq. SPECT data were acquired from 20 to 

40 min and 120 to 140 min after the tracer injection, using a triple-head gamma 

camera (GCA-9300/DI, TOSHIBA, Tokyo, Japan) equipped with low-energy high-

resolution fan-beam collimators (Figure 7). The latter images were used for 

analysis because delayed IMZ SPECT activity and distribution volume of IMZ 

SPECT had high linear correlation15. The energy settings were 160 keV peak with 

24% width. The matrix size was 128 × 128 pixels. The images were reconstructed 

using the filtered back-projection method without scatter correction. The data were 

pre-processed using a Butterworth filter with a cutoff frequency of 0.10 cycles per 

pixel and a power factor of eight. Attenuation correction was performed using 

Chang’s method. The attenuation coefficient was set at 0.10/cm. These attenuation 

coefficient values were determined by a phantom study. The imaging resolution 

was about 10 mm full width at half-maximum (FWHM) after reconstruction. 

Table 2 shows image acquisition and correction methods of FMZ PET and IMZ 

SPECT study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. SPECT. SPECT data 

were acquired using a triple-head 

gamma camera (GCA-9300/DI, 

TOSHIBA, Tokyo, Japan). 
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MRI 

MRI scan was performed using a 1.5 Tesla scanner (Magnetome Vision or 

Magnetome Symphony, Asahi-Siemens, Tokyo, Japan). Transaxial T2 and T2* 

weighted images and FLAIR images were acquired. All images were acquired with 

5-mm slice thickness and no slice gap. Coronal and sagittal images were added in 

some cases. 

 

Data analysis 

The images obtained were assessed visually and semiquantitatively. As described 

previously, FMZ PET and delayed IMZ SPECT images were automatically 

superimposed on MRI images using multimodality image registration techniques 

16 . The locations of low-uptake-level regions on FMZ PET and delayed IMZ SPECT 

Table 2. Image acquisition and correction methods of FMZ PET and IMZ 

SPECT study 
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images were visually assessed in three directions (Figure 8). Two specialists in 

nuclear medicine interpreted the images independently. When their findings did 

not agree, the presence or absence of low-uptake-level regions was determined by 

discussion. 

 

   

 

 

 

A region of interest (ROI) was placed in the lesions, which was visually detected 

on FMZ PET images. The ROI was circle shaped of 9 mm in diameter. In delayed 

IMZ SPECT, a same ROI was placed in the lesion detected in FMZ BPND, and the 

uptake of IMZ in the ROI was evaluated. The uptake of delayed IMZ was evaluated 

on the basis of lesion-to-pons ratio (LPR), which was corrected using the pons as 

the reference region. LPR can be expressed as follows: 

LPR=
𝑑𝑒𝑙𝑎𝑦𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑅𝑂𝐼)

𝑑𝑒𝑙𝑎𝑦𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑅𝑒𝑓𝑎𝑟𝑒𝑛𝑐𝑒)
  (6) 

 On the other hand, the distribution volume (DV) in the equilibrium state of Figure 

6 can be expressed as equation (7). BPND can indirectly calculated as shown in 

equation (8) described by Innis et al17 18. The term DVT/DVND is termed the 

distribution volume ratio (DVR) (9). And DVR is DV value relative to that of the 

reference tissue 19 (10). LPR corresponded to DVR of IMZ because delayed IMZ 

SPECT activity and distribution volume of IMZ SPECT had high linear correlation 

(10)(11)15.  

DVT=𝐷𝑉𝑁𝐷 + 𝐷𝑉𝑆             (7) 

 𝐵𝑃𝑁𝐷=
𝑉𝑇−𝑉𝑁𝐷

𝑉𝑁𝐷
=

𝑉𝑇

𝑉𝑁𝐷
− 1       (8) 

Figure 8. Co-registration to MRI. In this case, the low uptake level is observed 

at the light temporal lobe. 
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     = 𝐷𝑉𝑅 − 1             (9) 

   =
𝐷𝑉(𝑅𝑂𝐼)

𝐷𝑉(𝑅𝑒𝑓𝑎𝑟𝑒𝑛𝑐𝑒)
− 1      (10) 

     =LPR－1              (11) 

DVT is the total distribution volume of radioligand in tissue (mL/cm3), DVND is the 

distribution volume of nondisplaceable radioligand (mL/cm3), DVS is the 

distribution volume of specifically bound radioligand (mL/cm3). 

We compared FMZ BPND and (LPR-1) of delayed IMZ SPECT (Figure 9). The 

significant difference was determined by the paired t test and Pearson’s correlation 

coefficient to examine the relationship between these two parameters. A difference 

of p < 0.05 was determined as significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Table 1. shows the diagnosis given at the time of injury, the period after injury, the 

main symptoms, the scores on the Wechsler Adult Intelligence Scale-Revised 

(WAIS-R) 20, Wechsler Adult Intelligence Scale-Third Edition (WAIS-III) 21, or the 

Wechsler Intelligence Scale for Children-Third Edition (WISC-III) 22, and the 

results of the Rivermead Behavioural Memory Test (RBMT). None of the patients 

Figure 9. Parametric images of FMZ PET and IMZ SPECT. Left is FMZ BPND 

(0–6.0 mL/mL). Center image is IMZ (LPR-1) ranging from 0 to 5.0. Right 

image is IMZ (LPR-1) ranging from 0 to 6.0. 
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showed clear focal neurological dysfunction. The WAIS scores were at or below the 

cutoff point in two patients. Two patients had scores at or below the cutoff point in 

RBMT. The main symptoms were memory disorder in three patients, mental 

fatigue in two patients, difficulty of calculation and irritability in one patient, and 

irritability in one patient.  

A decrease in FMZ BPND was visually detected in 11 regions. In delayed IMZ 

SPECT images, low uptakes were observed in nine lesions, eight of which also 

showed decreases in FMZ BPND. The rate of concordance between FMZ PET and 

delayed IMZ SPECT was 72.7%. One lesion not detected by FMZ PET was detected 

by delayed IMZ SPECT (Table 3.). Representative cases are shown in Figures. 10, 

11, and 12.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Findings in the seven patients with respect to location of low FMZ BP 

and location of low uptake levels on IMZ images 
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Figure 11. Case 2 (Patient No. 7):  

The patient was a 29-year-old 

female who was diagnosed as 

having acute subdural hemorrhage 

at the time of injury and complained 

of mental fatigue and headache 

after the injury. FMZ BPND was low 

inside the left frontal lobe. The low 

uptake level inside the left frontal 

lobe was also observed by IMZ 

SPECT. 

Figure 10. Case 1 (Patient No. 1): 

The patient was a 28-year-old male 

who was injured in a car accident 1 

year previously. No abnormalities 

were found at the time of injury but 

he complained of irritability and 

poor concentration after the injury. 

Microbleeds in the right parietal 

lobe and left temporal lobe were 

observed on MRI images in the 

chronic phase. FMZ BP was low 

inside the right temporal lobe. The 

low uptake level inside the right 

temporal lobe was also observed by 

IMZ SPECT. 
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The (LPR-1) of IMZ SPECT in the 11 lesions which were detected with FMZ PET 

was significantly lower than FMZ BPND (Figure 13). There was significant 

correlation between FMZ BPND and IMZ (LPR-1) (p = 0.003). The correlation 

coefficient (r) between FMZ BPND and IMZ (LPR-1) was 0.80, indicating a strong 

positive correlation between the two (Figure 14). 

Figure 12. Case 3 (Patient No. 5): 

The patient was a 21-year-old male 

who was diagnosed as having right 

frontal brain contusion at the time 

of injury and complained of mental 

fatigue after the injury. The uptake 

level of IMZ SPECT was low at the 

right basal-medial temporal lobe. 

But the low BPND was not observed 

by FMZ PET. 
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Figure 13. The (LPR-1) of IMZ SPECT in the 11 lesions which were detected 

with FMZ PET was significantly lower than FMZ BPND.  
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Discussion 

When FMZ BPND image was used as the reference, eight of 11 lesions were detected 

by IMZ SPECT. That is, most of the lesions were detected by IMZ SPECT. The 

sensitivity of FMZ PET in detecting lesions was slightly higher than that of IMZ 

SPECT. However, a lesion that was not detected by FMZ PET was detected by IMZ 

SPECT. IMZ (LPR-1) correlated with FMZ BPND but was significantly lower than 

FMZ BPND.  

In this study, FMZ PET and IMZ SPECT were used to identify the loss of 

neuronal integrity. Both FMZ and IMZ are tracers that specifically bind to central 

BZR. Central BZR forms a complex with the GABAA receptor and is distributed 

throughout the brain cortex.  

Figure 14. A positive correlation was found by Pearson’s correlation coefficient 

between the BPND in the lesions detected by FMZ PET and the (LPR-1) in the 

same regions obtained in IMZ SPECT (r2 =0.638). 
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It has been reported that a low IMZ uptake level correlates with decreased 

neuronal density in epilepsy patients 11 10 ; and IMZ has already been used for 

epilepsy diagnosis in clinical practice. 

 Several reports have shown that the loss of neuronal integrity in TBI patients 

can be evaluated by FMZ PET 12 13. We have reported that even in patients with 

head injury showing no abnormal MRI findings, regions with a decreased cerebral 

metabolic rate of oxygen (CMRO2) were identified by O-15-labeled gas PET, and 

that a decrease in BPND was observed on FMZ PET images in some of those regions. 

The decrease in FMZ BPND may be related to the loss of neuronal integrity, and it 

seemed that the decrease in CMRO2 in the regions showing no loss of neuronal 

integrity was due to functional hypometabolism 12.  

 FMZ PET and IMZ SPECT are considered to be useful for identifying the loss of 

neuronal integrity. However, a comparison between FMZ PET and IMZ SPECT in 

epilepsy patients showed that FMZ PET more accurately detects epileptic foci, 

whereas the accuracy of IMZ SPECT was lower 23. There has been no report that 

FMZ PET findings and IMZ SPECT findings agree with each other in TBI patients. 

In this study, most of the IMZ SPECT findings agreed with the FMZ PET findings, 

suggesting that IMZ SPECT was as useful as FMZ PET for evaluating the loss of 

neuronal integrity in TBI patients. However, it should be noted that the IMZ 

SPECT and FMZ PET findings were not completely identical because of the 

inherent differences between the tracers (FMZ and IMZ) and image generation 

methods; PET v.s. SPECT. 

 

Inherent differences between PET and SPECT and their tracers  

The direction of gamma rays is determined by a collimator in SPECT. PET can 

determine photon origin using coincidence detection, it does not require a 

collimator. A collimator attenuates large number of incoming radiation; therefore, 

PET has an increase in sensitivity of two to three orders of magnitude compared 

to PET. PET has excellent performance in resolution and sensitivity 24. Moreover, 

PET is superior to SPECT in quantitative performance because absorption is 

directly measured in PET, or calculated by CT in PET/CT, whereas that in SPECT 

is only corrected using a mathematical model (Chang’s method). FMZ PET, which 

has a high spatial resolution, is more accurate than IMZ SPECT because 

abnormalities are determined on the basis of the visual assessment of low-uptake-

level regions. To address the issue of spatial resolution, a high sensitivity SPECT 

system was used in this study. This may be the reason why the accuracy of IMZ 

SPECT in this study was higher than that of the report on the comparison of FMZ 

PET and IMZ SPECT in epilepsy patients 23.  



22 

 

FMZ is an antagonist of BZR 25. In the brain, 80– 90% of FMZ specifically binds 

to BZR and the rest exists as free or nonspecifically bound FMZ 26-28. Moreover, the 

quantification method for FMZ PET has been established. FMZ is taken up by the 

brain immediately after its injection and is then promptly washed out. 

Quantitative values can be obtained by 1-h dynamic scanning immediately after 

the injection of FMZ. IMZ is a partial inverse agonist. The BZR affinity of IMZ is 

10fold that of FMZ, and the specific-to-nonspecific binding ratios are 40–50:1 29 30. 

The quantification method for IMZ SPECT has not been established. FMZ PET 

BPND images are quantitative images that can exclude nonspecific accumulation. 

On the other hand, IMZ SPECT images are qualitative images that cannot exclude 

nonspecific accumulation, leading to decreased contrast and decreased sensitivity 

for detecting abnormalities. In contrast, IMZ is an agonist, unlike FMZ, having 

pharmacological effects. IMZ is designed as a tracer that has low ligand occupation 

rate because of pharmacological effect.  

The accumulation of LPR in IMZ SPECT was determined in this study. The 

reference tissue for FMZ BPND is the pons, which shows little specific accumulation 

of BZR. Therefore, the accumulation LPR as determined by IMZ SPECT was 

compared with the quantitative value obtained by FMZ PET. This may be the 

reason why the semiquantitative accuracy of IMZ SPECT was improved and the 

IMZ (LPR-1) showed a high level of correlation with FMZ BPND. Table 4 shows 

differences between PET and SPECT and their tracers. 

 

 

 

 

 

Table 4. Differences between PET and SPECT and their tracers 
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Decrease in expression level of BZR 

There are three possible causes of a decrease in BZR expression level. The first is 

direct injury. Brain contusion is often located at the bottom, outer surface, and 

inner surface of the frontal and temporal lobes, or in the temporal pole 31. In this 

study, all the regions showing a decrease in BZR expression level were located in 

the frontal and temporal lobes, with most of them located at the bottom, inside, 

and in the pole of these lobes. The injuries seemed to have been caused by the bone 

of the skull base. 

The second is DAI. DAI is an axonal injury due to the shear or distortion induced 

by rotational acceleration and is often located at the corticomedullary junction or 

in deep white matter 32 33. It has been reported that an axonal injury slowly leads 

to Wallerian degeneration and results in delayed neuronal death 34. Although BZR 

is not suitable for detecting disorders in the white matter because it exists in the 

gray matter, the abnormalities detected may indicate neuronal death caused by 

DAI. In this study, five patients had DAI identified by MRI. 

The third is apoptosis. Apoptosis was observed in the injured brain cortex and 

white matter in a study using mild TBI models, indicating that TBI was a cause of 

cell death 35. 

In this study, there was a region where abnormalities were detected only by IMZ 

SPECT. Such abnormalities may be a false positive resulting from the limited 

resolution of SPECT and the issues of accuracy of the test method such as the lack 

of quantification. Moreover, the results may be affected by the difference in the 

time point at which FMZ PET and IMZ SPECT were carried out. 

In this study, IMZ SPECT was carried out several months after FMZ PET. 

Therefore, there was a possibility that secondary changes due to TBI, including 

Wallerian degeneration and apoptosis, led to the decrease in BZR expression level, 

and, as a result, the abnormalities not detected by FMZ PET were detected by IMZ 

SPECT. Further research is required to clarify the temporal changes detected by 

IMZ SPECT. 

 

Correlation of FMZ BPND and (LPR-1) of IMZ  

We compared FMZ BPND and (LPR-1) of delayed IMZ SPECT. In previous study, 

BPND of IMZ SPECT were much higher than (LPR-1). If IMZ binds about 10 times 

as strong as FMZ, (LPR-1) will be 10 times larger than BPND of FMZ. Millet et.al 

reported that BPND of IMZ was about 5 times that of FMZ. Considering that the 

spatial resolution of SPECT is worse than that of PET, BPND of IMZ is considered 

to be higher than that of FMZ by more than 5 times. One reason was considered to 

be derived from scatter correction. We did not correct the scatter in SPECT study. 



24 

 

This SPECT system is equipped with Triple energy windows (TEW) scatter 

correction. Because the TEW method was reported to increase the noise 36 and 

visual interpretation was difficult in some cases, we decided to analyze SPECT 

images without scatter correction. Scatter correction is important in the 

quantitative analysis of brain SPECT. Skull base has high attenuation 37 and 

therefore generates a lot of scatter photons. Axelsson et al. 38 reported that the 

relation between true and measured concentration ratios was almost linear after 

scatter correction and the effect of scatter correction was larger in the low counts 

area than in the high counts area. The activity of pons might be overestimated in 

this study. Other reason was derived from static data acquisition. We did not 

perform dynamic study in SPECT. Dynamic study was necessary to calculate 

accurate DV and BP in both PET and SPECT study. Other reason was derived from 

attenuation correction. Absorption correction of PET is based on mu map directly 

measured in PET, or calculated by CT in PET/CT, and it was more accurate than 

that of SPECT system. 

 

Clinical significance of IMZ SPECT  

Cerebral blood flow SPECT is more sensitive to TBI associated dysfunction than 

MRI and computed tomography (CT) 39 40. However, blood flow and glucose 

metabolism change in connection with the activities of the patient examined and  

therefore reflect even a functional decline that is not due to a neuronal abnormality. 

The neuron loss can be more accurately detected using BZR-specific ligands.  

It is considered that FMZ PET has higher diagnostic accuracy than IMZ SPECT. 

However, 11C-FMZ must be purified in a hospital because its half-life is as short 

as 20 min. It can be used only for research purposes and is difficult to use in clinical 

settings. On the other hand, IMZ has long radioactive half-life, it is easy to handle 

it. And it can be used in many facilities because it is more easily available than 

FMZ. 

 

Limitations 

The number of patients involved in this study was small. Further research with a 

larger number of patients is required in the future.  

As for PET system, we used Siemens HR+ PET system for FMZ PET study. HR+ 

PET system was a high spatial resolution BGO PET system (The special resolution 

at the 1 cm point in the vertical direction from the center defined by the NEMA 

NU-2001 standard was 4.39.) and with relatively high sensitivity (The sensitivity 

defined by the NEMA NU-2001 standard was 6.65kps/MBq in the case of the 

energy lower limit 350KeV). We think that this system was still good only for brain 
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study; however, it seemed to be old system in these days. It had no CT system and 

lower energy resolution (23%) than LSO or LYSO system (10–14%). State-of-the-

art time-of-flight PET/CT system is better for further analysis.  

As for SPECT system, we used triple-head gamma camera. Triple-head gamma 

camera with fan-beam collimator had high spatial resolution with high sensitivity. 

Our results might be attributed to these features of triple-head gamma camera. As 

two-head gamma cameras are prevalent these days, the results might not be 

universal. 

We did not correct scatter in SPECT study. New scatter corrections without 

increasing noise were developed 41. With those scatter corrections, the correlation 

of semiquantitative parameters of PET and SPECT might become better without 

affecting visual diagnosis. 
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Chapter 2 

Relationship between Cognitive Function and Cerebral Oxygen 

Metabolism in Traumatic Brain Injury Patients with Neurobehavioral 

Disability  

 

Introduction 

O-15-labeled gas PET is a neuroimaging technique to easily quantify cerebral 

metabolism. Changes in cerebral metabolism may be related in some way to 

cognitive function decline following TBI.   

There have been many reports on cerebral metabolism in TBI patients with 

cognitive function decline. We previously reported the decrease in cerebral 

metabolic rate of oxygen (CMRO2) in certain brain areas and also a decrease in 

binding potential (BP) in some of those areas detected by FMZ PET, even in 

patients with TBI without MRI abnormal findings. It was considered that a 

decrease in FMZ BP is related to neuronal loss and that a regional decrease in 

CMRO2 in the areas without neuronal loss indicates functional hypometabolism12.  

In previous PET studies of patients with TBI, it was found that hypometabolism 

or hypermetabolism occurred in the frontal lobe (Table 5) 42-48 . The prefrontal area 

plays a key role in high-level cognitive function and is considered to be related to 

neurobehavioral disability following TBI. Although the classification of the 

prefrontal area varies depending on the literature, the area is roughly divided into 

three parts, namely, the lateral prefrontal cortex, orbitoprefrontal cortex, and 

medial prefrontal cortex49. 

 

    

 
Table 5 Published PET studies on metabolism of TBI patients 

Patient characteristics characteristics 
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The orbitoprefrontal cortex plays an important role in emotion and motivation 

whereas the medial prefrontal cortex plays an important role in psychosocial and 

social functioning. The lateral prefrontal cortex is the seat of cognitive and 

executive functions. Some studies on healthy subjects and patients with certain 

disorders suggest that the lateral prefrontal cortex is related to general 

intelligence 50-53. 

WAIS is the most common test used to assess general intelligence and is often 

used for patients with neurobehavioral disability following TBI in clinical practice 

and research. Although verbal IQ (VIQ) and performance IQ (PIQ) can be assessed 

separately with WAIS, their reliability and validity were low in patients with 

unilateral brain injury 54 55. It was pointed out that a discrepancy of more than 10 

between VIQ and PIQ was common in healthy subjects 56. Because of the low 

validity and other problems of separately assessed VIQ and PIQ, the VIQ and PIQ 

subsets are not used in the latest revised version Forth Edition (WAIS-Ⅳ). The 

total IQ (TIQ) of WAIS-Revised (WAIS-R) indicates the general intelligence level.   

The purpose of this study is to investigate the relationship between cerebral 

metabolism and cognitive decline in TBI patients. We examined the relationship 

between CMRO2 in the lateral prefrontal cortex measured by O-15-labeled gas PET 

and TIQ in TBI patients with neurobehavioral disability.   

 

Materials and Methods 

Subjects 

The subjects were 12 patients (8 males and 4 females) who had difficulties in their 

daily life and work because of some forms of neurobehavioral disability following 

TBI. Their mean age was 33.3 years [standard deviation (SD), 14.83 years]. The 

cause of injury was traffic accidents in all patients and the mean period after injury 

was 44.8 months (SD, 37.2 months). None of the patients had epilepsy.   

 

Neurological test 

Cognitive function was assessed using the Wechsler Intelligence Scale for 

Children-Revised (WISC-R) in one patient aged younger than 16 years and WAIS-

R in the remaining 11 patients. Table 6 shows the results and patient 

characteristics. 
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PET 

PET was performed using ECAT EXACT HR + (Asahi-Siemens, Tokyo, Japan) with 

in-plane and axial resolutions of 4.5 and 3.71 mm, respectively. Photon attenuation 

was corrected with a 5 min transmission scan. O-15-labeled gas PET and FMZ PET 

procedures were the same as previously described 9.  

  

O-15-labeled gas PET 

A one-minute inhalation of 15O-CO and 3-minute static scanning and blood 

sampling were performed to measure cerebral blood volume (CBV). A steady state 

CO2 image was scanned for 5 minutes with a 15-minute inhalation of 7.5GBq 15O 

- CO2 and arterial blood and plasma sampling. With a 15-minute inhalation of 15O 

- O2, a steady-state O2 image was scanned for 5 minutes and arterial blood and 

plasma were sampled to measure oxygen extraction fraction (OEF) and the 

cerebral metabolic rate of oxygen (CMRO2). PaO2 and PaCO2 and the blood pH 

were also measured in the same blood samples. Regional cerebral metabolism was 

investigated on the basis of CMRO2 images. 

CMRO2 images were spatially normalized using PET template with SPM5. 

Spatially normalized PET images were smoothed by 12 x 12 x 12 Gaussian kernel. 

Following spatial normalization, volume of interest (VOI) extraction for the 

cerebellar cortex was performed in every CMRO2 image using the WFU Pick Atlas 

toolbox (Wake Forest University School of Medicine, Winston-Salem, NC, USA). 

We investigated the correlation between CMRO2 of lateral prefrontal cortex 

(Brodmann area 9,44,45,46,47) and TIQ. 

Table 6. Patient characteristics 

characteristics 
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Analysis 

Pearson’s correlation was calculated and assessed with a significance level of 5%.  

For multiple-test corrections, the Benjamini–Hochberg (B–H) procedure was used 

to control false discovery rate (FDR) at <0.05.   

 

Results 

Table 6 shows the period after injury, locations of hypometabolism on CMRO2 

images, chief complaints, and TIQ of WAIS-R in each patient. The chief complaints 

were irritability in five patients, memory disorder in four patients, loss of 

concentration in two patients, and diminished thinking ability in one patient.  

The TIQ was below the borderline in six patients.   

As shown in Table 7, CMRO2 and TIQ negatively correlated at the significance 

level of 5% in the left Brodmann areas (BAs) 44,47 and the right BAs 44, 45, 46, 

and 47. When the p-values were corrected for the B–H procedure, a significant 

negative correlation between CMRO2 and TIQ was observed in the right BAs 44 

and 45 (Table 7 and Figure 15).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Demonstrated significant correlation without the Benjamini-Hochberg correction. (p＜

0.05) 

**Demonstrated significant correlation with the Benjamini-Hochberg correction 

controlled the false discovery rate. (q＜0.05) 

 

Table 7. Pearson’s correlation coefficients(r) between TIQ and regional CMRO
2
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Figure 15. A significant negative correlation between CMRO2 and TIQ was 

observed in the right BAs 44 and 45.  
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Discussion 

In the patients with neurobehavioral disability following TBI, the CMRO2 in the 

right BAs 44 and 45 in the resting state significantly increased with decreasing 

TIQ. 

 

Reports on hypometabolism and hypermetabolism for TBI 

There have been numerous reports on regional cerebral metabolism in patients 

with cognitive function decline following TBI. The rate of regional glycometabolism 

in TBI patients was lower than that in healthy subjects in some studies 44-48,57. 

However, the rate of regional cerebral metabolism in patients with TBI was the 

same as that in healthy subjects or the rate of regional cerebral metabolism in 

patients with TBI was higher than that in healthy subjects during task 

performance in other reports 42 43 . Also, the rate of regional cerebral metabolism 

partly increased and partly decreased during task performance in another report 

58. As mentioned above, the relationship between cognitive function decline and 

regional cerebral metabolism has not yet been clarified. To date, there have been 

many reports that the rate of regional cerebral metabolism in patients with TBI in 

the resting state was lower than that in the control group and that this 

hypometabolism was related to functional decline. We also reported that a regional 

decrease in CMRO2 occurs in some areas in TBI patients without MRI abnormal 

findings and that these areas seemed to show functional hypometabolism 12.   

In this study, however, an increased CMRO2 in the right BAs 44 and 45 was 

observed in the patients with low IQ. There have been no study in which CMRO2 

was assessed to examine the relationship between CMRO2 and IQ in patients with 

neurobehavioral disability following TBI; this is the first study of such kind. It was 

considered that the negative correlation between IQ and CMRO2 is related to the 

plasticity of the brain after TBI.  

  

Plasticity and changes in networks 

Significant changes in the nervous system during the long-term functional 

recovery after TBI are observed in network-level plasticity. The plasticity includes 

(a) the restructuring of existing networks, (b) the formation of new networks that 

do not exist under normal conditions, (c) and the restructuring in the undamaged 

area surrounding the damaged area 59 60. 

Although plasticity has beneficial effects by compensatory effects, plasticity can 

result in harmful changes in the brain in some situations. It has been reported that 

plasticity induces inappropriate connections between neurons in animals with TBI 

61, that epilepsy may be induced by networks changes in TBI models 62.    



32 

 

Because the patients targeted in this study were in the chronic phase, it was 

possible that plasticity had taken place over a long period after TBI and that the 

undamaged area of the network consumed an increased amount of energy in order 

to compensate for the functional decline in the damaged area, as described above 

(a). Some areas of the human brain are actively working even in the resting state 

63. The resting and active states cannot be clearly distinguished in the human brain.  

Therefore, our results were consistent with the past reports that the regional 

cerebral metabolism in TBI patients was higher than the regional cerebral 

metabolism in the control group in some areas during task performance 42,43 58. It 

was considered that the areas of functional decline required an increased amount 

of energy to remain just as they were during task performance even in the resting 

state.   

The changes in brain networks such as those mentioned above (b) could also be 

the reason. The studies of patients with TBI using task-based functional magnetic 

resonance imaging (fMRI) showed that functional networks were damaged and 

abnormal networks were formed or that new networks were formed to compensate 

for the functional decline 64-69.   

Default mode network (DMN) is the most commonly studied functional network 

in the resting state. DMN maintains core activity in the resting state 70.    

It was reported that the networks in the resting state were also damaged in 

patients with TBI and that this damage resulted in the changes in the strength of 

connectivity within DMN or the changes in connectivity between DMN and other 

networks 71-75. The results in our study suggest that the changes in the networks 

in the resting state led to the increased consumption of energy.   

One possibility is that regional cerebral metabolism was enhanced to 

compensate for the functional decline. The other possibility is that new 

connectivities have pathological effects causing functional decline, which is 

manifested by a decrease in IQ.   

 

Overview and previous studies of right BAs 44 and 45 

Different from other brain areas, BAs 44 and 45 are highly lateralized.  The left 

BAs 44 and 45 are also known as Broca’s area, which plays a central role in 

language function. Broca’s area is also involved in working memory, the action 

perception, the processing of complex inputs 76, and the local visual searching 77 78.  

It was also reported that BAs 44 and 45 are bilaterally involved in the encoding of 

working memory and episodic memory and the selection of motor responses to 

stimuli 79-81 82. Although a number of studies have been conducted on Broca’s area, 

there have been fewer studies on the right BAs 44 and 45 and little has been known 
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about their unique functions. It was reported that the right BAs 44 and 45 are 

related to the early stage of language learning and acquisition and that the activity 

shifts to the left side as language acquisition proceeds 83. Moreover, the right BAs 

44 and 45 are involved in the prosodic processing 84 85. In addition, Sun reported 

that the right BAs 44 and 45 were related to working memory and short-term 

memory during the performance of backward and forward digit recall tasks 86. 

Kringer–Pedwood reported that the left BA 44 showed greater responses to words 

than to pictures and that the right BA 44 showed greater responses to pictures 

than to words 87.   

From a morphological perspective, it was previously reported that Broca’s area 

is larger than the contralateral area 88 89. However, according to a more recent 

review of many studies including those using modern methods of assessment such 

as MRI, there is no clear evidence that the left BAs 44 and 45 are more developed 

than the right BAs 44 and 45 77. The right BAs 44 and 45 as well as the left BAs 

44 and 45 seem to play a significant role in cognitive function, although the 

mechanism in the right BAs 44 and 45 is slightly different from that in the left.  

The results in this study indicate that the increased CMRO2 in the right BAs 44 

and 45 compensated for the decline of complicated cognitive function, which is not 

language-specific. 

 

Limitations 

The number of subjects was small in this study. Also, because this study focused 

on TIQ and the prefrontal area, further research on other functions in other areas 

is required. In addition, the relationship between the changes in CMRO2 and brain 

functions during task performance was not clarified because no task was 

performed in this study. Moreover, the effects of plasticity overtime were unclear 

because temporal changes were not monitored in this study.   
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Summary and Conclusion 

1.  IMZ SPECT is as useful as FMZ PET for evaluating the loss of neuronal 

integrity in patients presenting with neurobehavioral disability after a TBI. 

2. The lower the patient’s IQ, the higher the CMRO2 in some areas of prefrontal 

cortex. 

  

It is preferable to use IMZ SPECT instead of FMZ PET to detect the loss of 

neuronal integrity, because IMZ SPECT is superior to FMZ PET in terms of 

versatility. The detection of the loss of neuronal integrity using IMZ SPECT 

enables the evaluation of the distribution of lesions that cannot be observed by 

MRI. IMZ SPECT will contribute to the understanding of the cause of 

neurobehavioral disability in patients with head injuries but showing no 

abnormalities on MRI images. The clinical symptoms can be better understood 

when the site of lesions is identified, leading to improved insights into the disease 

and a better understanding of affected patients among their families and others. 

In addition, although at this time the treatment of neurobehavioral disabilities 

involves mainly supportive care (such as the development of compensatory 

approaches through rehabilitation), the identification of the sites of lesions will 

help lead to curative treatments with the development of regenerative medicine. 

For a thorough understanding of a TBI patient’s pathological condition, it is 

necessary to evaluate not only anatomical lesions but also functional changes. 

Investigating the oxygen metabolism changes is considered useful as part of the 

evaluation of functional changes. Many studies have indicated that 

hypometabolism is related to functional decline in TBI patients. In clinical settings, 

hypometabolism and areas of hypoperfusion are often regarded as reflecting 

functional decline.  

In some areas of the prefrontal cortex of TBI patients, the lower the level of 

cognitive function, the higher the metabolism.  In resting cerebral metabolism, it 

is not only the hypometabolism area that reflects functional deterioration. It is 

possible that increased metabolism due to brain network changes are related to 

harmful changes or compensates for functional decline. These findings are 

considered to develop into a study of the relationship between the resting-state 

network shown by resting-state functional MRI and brain metabolism shown by 

molecular imaging.  
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