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Abstract

Purpose—To improve the performance for localizing epileptic foci, we have developed a joint 

ictal/inter-ictal SPECT reconstruction method in which ictal and inter-ictal SPECT projections are 

simultaneously reconstructed to obtain the differential image.

Methods—We have developed a SPECT reconstruction method that jointly reconstructs ictal and 

inter-ictal SPECT projection data. We performed both phantom and patient studies to evaluate the 

performance of our joint method for epileptic foci localization as compared with the conventional 
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subtraction method in which the differential image is obtained by subtracting the inter-ictal image 

from the co-registered ictal image. Two low-noise SPECT projection data sets were acquired 

using 99mTc and a Hoffman head phantom at two different positions and orientations. At one of 

the two phantom locations, a low-noise data set was also acquired using a 99mTc-filled 3.3-cm 

sphere with a cold attenuation background identical to the Hoffman phantom. These three datasets 

were combined and scaled to mimic low-noise clinical ictal (three different lesion-to-background 

contrast levels: 1.25, 1.55 and 1.70) and inter-ictal scans. For each low-noise data set, twenty-five 

noise realizations were generated by adding Poisson noise to the projections. The mean and 

standard deviation (SD) of lesion contrast in the differential images were computed using both the 

conventional subtraction and our joint methods. We also applied both methods to the 35 epileptic 

patient datasets. Each differential image was presented to two nuclear medicine physicians to 

localize a lesion and specify a confidence level. The readers’ data were analyzed to obtain the 

localized-response receiver operating characteristic (LROC) curves for both the subtraction and 

joint methods.

Results—For the phantom study, the difference between the mean lesion contrast in the 

differential images obtained using the conventional subtraction versus our joint method decreases 

as the iteration number increases. Compared with the conventional subtraction approach, the SD 

reduction of lesion contrast at the 10th iteration using our joint method ranges from 54.7% to 

68.2% (p<0.0005), and 33.8% to 47.9% (p<0.05) for 2 and 4 million total inter-ictal counts, 

respectively. In the patient study, our joint method increases the area under LROC from 0.24 to 

0.34 and from 0.15 to 0.20 for the first and second reader, respectively. We have demonstrated 

improved performance of our method as compared to the standard subtraction method currently 

used in clinical practice.

Conclusion—The proposed joint ictal/inter-ictal reconstruction method yields better 

performance for epileptic foci localization than the conventional subtraction method.
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I. INTRODUCTION

Epilepsy is one of the most common neurological disorders in children and young adults 

with devastating economic and psychosocial impacts1, 2. Epileptic patients with persistent 

and refractory seizures may be cured with selective surgery to remove the region of cortex 

that generates seizure, the epileptogenic zone3–5. To increase the surgical success rate, 

epileptic foci must be accurately identified and localized prior to the operation. Single-

photon emission computed tomography (SPECT) currently plays a dominant role in 

epileptic foci localization based on perfusion imaging with 99mTc-HMPAO or 99mTc-ECD, 

which has rapid uptake into the brain within 30 to 60 seconds after tracer injection, 

reflecting cerebral blood flow (CBF) at the time of the injection6, 7. Because CBF is closely 

linked to neuronal activity and the perfusion tracer has negligible redistribution8, 9, SPECT 

creates a “snapshot” of brain activity at the time of the injection. Brain perfusion SPECT 

studies are indicated in localization-related refractory epilepsy in whom other pre-surgical 

evaluation methods including video EEG monitoring (VEM) and MRI provide discordant 
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data10, 11. It is also used to design the area of intracranial EEG placement before surgery12. 

Epileptic foci localization using SPECT consists of two separate studies, where one study 

depicts the brain when it is not undergoing an epileptic seizure (inter-ictal SPECT) while the 

other depicts the brain during an epileptic event (ictal SPECT). Seizure foci can be localized 

based on their perfusion status; they cause hyper-perfusion in the ictal study, and hypo-

perfusion in the inter-ictal study, where increased activity between the two studies indicates 

a focus location. Visual comparison of the ictal and inter-ictal SPECT images side-by-side 

can be difficult. The conventional subtraction method has been shown to improve the 

usefulness of SPECT in localizing the surgical seizure focus and is widely used in clinical 

practice13, 14. There are three main steps in the subtraction method. First, the reconstructed 

ictal and inter-ictal SPECT image volumes are co-registered and normalized to each other. 

Second, the inter-ictal volume is subtracted from the ictal volume. Third, the resulting 

difference image volume (the differential image volume) is overlapped on an MRI to 

anatomically localize the epileptic focus. A previous study10 showed that the conventional 

subtraction method described above has 86% sensitivity and 75% specificity for epileptic 

focus localization using the findings by intracranial electroencephalography (EEG) as the 

gold standard. However, owing to the possible delay of radiotracer administration during the 

ictal state in clinical practice, both the sensitivity and specificity can be lowered. Therefore, 

improving our ability to localize an epileptic focus is desirable.

The differential image obtained using the conventional subtraction method generally has 

much higher noise than either the ictal or inter-ictal image alone due to the limited number 

of counts in a SPECT scan and the fact that the subtraction of two noisy images yields a 

smaller signal with a higher noise level. One way to overcome this problem is to apply 

intensive smoothing and/or stop at an early iteration when ictal and inter-ictal data are 

reconstructed. However, as a result, the performance of seizure localization may be degraded 

because large bias can be introduced. Moreover, negative voxel values in the differential 

images obtained by the subtraction method cannot be avoided.

For an imaging system with limited counts like SPECT, one of the most effective approaches 

to improve image quality is to correctly model the noise in SPECT projections. Inspired by 

our previous work on dual-radionuclide SPECT15–17, we propose a novel reconstruction 

method in which both ictal and inter-ictal projections are jointly reconstructed while 

preserving Poisson noise on both scans in a single reconstruction framework. Moreover, the 

registration transformation between the ictal and the inter-ictal scans is incorporated within 

the joint reconstruction to mitigate the effect of the patient’s head position mismatch 

between the two separately acquired scans. Our method generates differential and inter-ictal 

image volumes from a single reconstruction step that avoids negative voxel values in the 

resulting images. In this study, we evaluated the performance of our method for epileptic 

foci localization using both phantom and patient studies.

II. MATERIALS AND METHODS

First, we explain the conventional subtraction method we used in this work, which is similar 

to the method used in clinical practice (See Figure 1, left). Second, we explain our joint 

ictal/inter-ictal reconstruction method, which incorporates image registration between two 
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separately acquired SPECT scans (See Figure 1, right). Third, we describe the evaluation of 

our approach using both phantom and patient studies.

Conventional subtraction method

Protocols for the conventional subtraction method vary from institution to institution 

although they are similar. In this work, we used the following protocol for a pair of 

separately acquired ictal and inter-ictal SPECT scans. First, the ictal and inter-ictal 

projection data were reconstructed separately using an ordered-subset expectation 

maximization (OSEM) algorithm with 10 iterations. Second, the resulting ictal and inter-

ictal images at the 4th iteration were co-registered using the Statistical Parametric Mapping 

(SPM) software18 to obtain the registration transformation matrix. Third, the ictal image was 

normalized to the inter-ictal image so that the total counts in both studies were matched. 

Finally, the registration transformation was applied to the reconstructed inter-ictal image 

volume for each iteration. A differential image was then obtained by subtracting the 

resulting inter-ictal image from the ictal image.

The point spread functions (PSF) were simulated using a point 99mTc source in air for 32 

distances from the detector (32 bins from 0.2 to 48.2 cm). The PSF simulation was 

performed for a 0.95-cm NaI(Tl) crystal and two types of Siemens collimators (Siemens 

Medical Solutions, Malvern, PA, USA), low-energy high-resolution (LEHR) and low-energy 

ultra-high-resolution (LEUHR) parallel-hole collimators. The reconstruction parameters 

were 8 subsets and 10 iterations (24 subsets and 5 iterations) for the phantom (patient) 

studies.

Proposed method: joint ictal/inter-ictal reconstruction

The proposed joint reconstruction approach incorporates Poisson noise modeling as well as 

inter-scan mis-registration compensation into the reconstruction system matrix. The purpose 

of the joint reconstruction method is to obtain seizure-only (i.e., differential) image volume 

directly from ictal and inter-ictal projections in a single reconstruction framework. The key 

is to preserve Poisson noise on both ictal and inter-ictal projections during the reconstruction 

so that noise level in the differential image can be reduced. Moreover, mis-registration 

compensation is included in the reconstruction framework because the head positions during 

the ictal and inter-ictal scans are likely to be different for a given subject in practice.

The forward model used in the joint method is given by:

(1)

where

(2)
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XS (  matrix) and XB (  matrix) are the differential and background (inter-ictal) 

images, respectively,  and  are the estimated ictal 

and inter-ictal projections, respectively (YT and YB represent the acquired projection data 

that contain noise), β is a scale factor between the ictal and inter-ictal scans, R ( 

matrix) is the registration transformation matrix that transforms the head’s location in the 

inter-ictal scan to that in the ictal scan, HT (  matrix) and HB (  matrix) are 

the transition matrices for the ictal and inter-ictal scans, respectively, and 0 is a matrix with 

all its elements equal to 0. Each element of the transition matrix (i.e., HT and HB) represents 

the probability for a photon emitted from a voxel to be detected in a projection bin without 

interaction in the imaging object. PSF modeling and attenuation are incorporated into the 

transition matrices. Scatter correction was not used in this work but could be applied to this 

method in the future.

This forward model leads to the following standard ML-EM iterative reconstruction (from 

iteration n to ) in the matrix-vector format:

(3)

where 1 is a column vector with all its elements equal to 1. In Eq. (3), if two vectors, such as 

U and V, are of the same size, UV and  denote element-wise multiplication and division, 

respectively. Consequently, the estimates of XS and XB are given by:

(4)

This equation leads to the following two equations, which are used to jointly estimate XS 

and XB at each iteration.

(5)
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(6)

In this work, we used the OSEM version of Eqs. (5) and (6).

To describe the joint method in a more understandable way, the MLEM reconstruction of 

image V (  matrix) from measurement U (  matrix) according to Eq. (1) is 

given by:

(7)

where

(8)

(9)

and  are the values of the  and the  voxel of XS and XB, respectively, 

 and  are the values of the  and the projection bin in YT and YB, 

respectively, and  is the transition matrix element from the  voxel in V to the 

projection bin in U. Assuming both the ictal and inter-ictal scans are perfectly registered and 

performed on the same scanner (i.e., R = I, and HT = HB), we have

(10)

where ( and  and represent attenuation and PSF modeling, 

respectively) is the transition matrix element from jth voxel in X to  projection bin in Y. 

Eq. (10), which is based on the assumption of R = I and HT = HB, was given here to help the 

reader better understand the joint method. Our joint method is based on Eqs. (5) and (6), 

where such assumption is not made.
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The scale factor β and the registration transformation matrix R were obtained in the same 

way as described above in the conventional subtraction method. For both the conventional 

and joint methods, the attenuation matrix was computed based on an attenuation map. This 

was accomplished by thresholding the reconstructed SPECT image without attenuation 

correction to identify the head volume followed by the assignment of a single linear 

attenuation coefficient to the entire head volume for both the ictal and inter-ictal scans. For 

the joint reconstruction method, the PSFs and reconstruction parameters were made the 

same as the ones used in the subtraction method.

Phantom Experiment

In the phantom study, two low-noise 99mTc SPECT projection sets, PRJA and PRJB, were 

acquired of a 3D Hoffman brain phantom (Data Spectrum Corporation, Durham, NC, USA) 

at two different positions and orientations using a Siemens Symbia dual-head SPECT 

camera (Siemens Medical Solutions, Malvern, PA, USA) with LEHR parallel-hole 

collimators. These two projection data sets were treated as if they were low-noise because 

they had total counts of 37 million and 25 million, which are more than ten times of the total 

counts (~2 million) in a typical brain SPECT. One low-noise projection data set, PRJSPH, 

was also acquired of a 99mTc filled 3.3-cm sphere with a cold attenuation background 

identical to the Hoffman phantom at one of the two phantom locations. The sphere data set 

had a total count of 4.6 million. Due to the relatively small volume of the sphere, PRJSPH 

was also treated as low-noise. Data sets, PRJA and PRJSPH, were combined to mimic low-

noise clinical ictal scans with three lesion-to-background contrast (LBC) levels: 1.25, 1.55, 

and 1.70. Data set PRJB was treated as an inter-ictal scan. Total counts were scaled to 2 and 

4 million to mimic the statistics in typical clinical studies. Twenty-five noise realizations 

were generated separately for the ictal and inter-ictal scans by adding Poisson noise to the 

projections. The differential images were reconstructed using both the conventional 

subtraction and the proposed joint ictal/inter-ictal methods. A total of 300 differential 

images were created (2 reconstruction methods, 3 LBC levels, 2 total count levels, 25 noise 

realizations).

For each noise realization i, we computed the lesion contrast in the differential image, Ci, 

using:

(11)

where ROIBck, i and ROILes, i were the average counts (counts/voxel) within the background 

and lesion regions, respectively. The lesion ROI was selected as a 3.3-cm spherical region 

centered at the sphere location while the background ROI was an identical spherical region 

on the opposite hemisphere of the brain phantom. Figure 2 illustrates the procedures to 

generate ictal/inter-ictal phantom data for one of the noise realizations and LBC levels. The 

mean ( ) and standard deviation ( ) of lesion contrast were then computed across all the 

noise realizations using:
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(12)

where N is the total number of noise realizations.

Patient Data and Human Observer Study

We selected 35 epileptic patients who previously underwent clinical ictal/inter-ictal scans at 

Boston Children’s Hospital using a Siemens dual-head SPECT camera (Siemens Medical 

Solutions, Malvern, PA, USA) with LEUHR parallel-hole collimators. These patients also 

underwent surgery with a positive pathological result indicating a lesion in only one 

hemisphere of the brain. The patient data collection was approved by Institutional Review 

Board at Boston Children Hospital. Each subject was scanned using a standard ictal/inter-

ictal SPECT protocol with 99mTc-HMPAO or 99mTc-ECD. Each patient data set included 

one ictal SPECT, one inter-ictal SPECT, and one physician’s report detailing the epileptic 

focus location based on the surgical findings, which was considered the gold standard for 

seizure localization. We applied the conventional subtraction and joint reconstruction 

methods to each patient data set to obtain a differential image. A total of 70 differential 

images were created (two reconstruction methods and 35 patient data sets). The training and 

testing sets for the human observer study consist of 10 (5 subjects) and 60 (30 subjects) 

differential images, respectively.

The differential images were presented to two nuclear medicine physicians. Each reader was 

presented with 10 training images followed by 60 testing images, which were randomized 

with respect to order. Each image contained exactly one lesion. The readers were able to 

modify the color scale of the image display as desired. For a given subject, without 

knowledge about the presence and absence of the lesion, the readers were instructed to 

examine the image and select the most likely lobe (out of the 4 lobes: frontal, temporal, 

parietal, and occipital) where a seizure focus was located. The readers were also asked to 

examine both the left and right hemispheres separately. Each reader was given a five-point 

scale to rate the confidence level of his or her decision on the lesion location. As a result, 

there were reading results for both lesion-absent and lesion-present data in the human 

observer study. Each reader’s input data set was analyzed using the LROCFIT program19 to 

obtain localization receiver operating characteristic (LROC) curves and the area under the 

curve (AUCLROC) for both the subtraction and joint methods.

III. RESULTS

For the phantom study, Figure 3 displays the reconstructed differential images versus the 

iteration number for one of the 25 noise realizations when the LBC was 1.25 and the total 

number of counts was 2 million. Our joint reconstruction method yielded visually much 

better lesion localization (pointed by the pink arrows) than the subtraction method.

Figure 4 shows the mean of the lesion contrast in the differential image versus the iteration 

number at different LBC levels for 2 million total counts. For all the cases, the difference of 
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the mean between the subtraction and joint methods decreased as the iteration number 

increased. Also, the higher the LBC level, the faster the joint reconstruction converged. 

Figure 5 shows the SD of the lesion contrast in the differential image versus the iteration 

number at different LBC levels for 2 and 4 million total counts. Compared with the 

conventional subtraction approach, our proposed joint method significantly reduced the SD 

of lesion contrast at 1.25, 1.55, 1.70 LBC levels by 64.9, 61.8, and 68.2% (at 10th iteration 

with p<0.0005), respectively, for 2 million total counts, and by 37.0, 33.8, and 38.1% (at 

10th iteration with p<0.05), respectively, for 4 million total counts.

Figure 6 shows the reconstructed differential images from one of the subjects at iteration 5. 

The proposed joint method yielded less noisy differential images and better epileptic focus 

localization than the subtraction method. The seizure region could be seen more clearly in 

the images reconstructed using the joint method (Figure 6, right) as compared with the 

subtraction method (Figure 6, left), and the subtraction method with thresholding to show 

only a non-negative display window (Figure 6, middle). The identified seizure location was 

concordant with the pathological result, in which the epileptic focus in the right temporal 

lobe was identified. The voxel-wise mean-to-SD ratio (within the seizure focus region) was 

1.80 and 0.58 for the joint reconstruction and the subtraction method, respectively.

Figure 7 shows the LROC curves of the subtraction and the joint methods obtained from the 

two readers. The curve of the joint method lies consistently above that of the subtraction 

method for both readers. The ALROC values are 0.34 (0.24) and 0.2 (0.15) for the joint and 

subtraction methods, respectively, for reader 1 (2).

IV. DISCUSSION

The key idea of the proposed joint method to obtain differential images for epileptic foci 

location using SPECT was to avoid image subtraction, which typically results in noisy 

images and negative voxel values. This translates into better results in mean and SD analysis 

in the phantom study and better foci localization performance characterized by the LROC 

curves in the patient study.

The results from the SD analysis in the phantom study support the improvement of the 

proposed joint method over the subtraction method (Figures 5). The SD from the proposed 

joint method was lower than that from the subtraction method in all cases since the joint 

method preserves Poisson noise on SPECT projections and estimates differential images 

directly from both ictal and inter-ictal SPECT data rather than subtracting two independently 

reconstructed images. The results were also consistent for two different noise levels (total 

counts of 2 million and 4 million) indicating that radiation dose or imaging time could be 

reduced if the joint rather than the subtraction method was used in clinical practice. 

However, as the total number of counts increases, the advantage of using the joint method to 

reduce the SD as compared to the subtraction method decreased. Based on the phantom 

study, the amount of SD reduction made by the joint method relative to the subtraction 

method does not seem to be strongly correlated to the LBC level. We also would like to 

point out that the disadvantage of using the joint method is that more iterations are needed 
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for the reconstruction to converge, especially when the LBC level is low, as shown in Figure 

4.

The advantages of the proposed joint method over the conventional subtraction method were 

pronounced in the patient study (Figures. 6 and 7). The negative pixel value issue was 

encountered in the subtraction method. Thresholding to set all negative values to zero 

(Figure 6, middle) did not improve the differential image sufficiently to make it comparable 

to what could be achieved using our proposed joint method (Figure 6, right). The differential 

image from the joint method had less noise compared to that from the subtraction method 

with and without thresholding. The human observer study for foci localization also showed 

the gain of using the proposed joint method over the subtraction method.

For both the phantom and patient studies, the proposed joint method yielded less SD of 

lesion contrast than the conventional subtraction method. Because the SD of lesion contrast 

is dependent on the number of detected photons, it implies that imaging time or injection 

dose can be reduced if the proposed joint method is used instead of the conventional method 

without compromising the sensitivity and specificity of lesion localization.

Both the conventional subtraction and the proposed joint methods require image registration 

between two separately acquired ictal and inter-ictal SPECT scans. Due to the poor spatial 

resolution for SPECT imaging, such registration is not accurate. Moreover, head motion 

during SPECT scans can blur the reconstructed SPECT images. These two challenging 

problems can result in significantly reduced sensitivity and specificity of lesion localization. 

One possible solution is to use a video camera-based surveillance system to monitor the 

head motion during SPECT scans and to facilitate image registration. However, the clinical 

feasibility of such approach needs to be investigated.

Both parallel- and fan-beam collimators are used for ictal/inter-ictal imaging in clinical 

practice. In this study, the phantom and patient data were acquired using LEHR and LEUHR 

parallel-hole collimators. In the future, we plan to develop a joint method that incorporates 

PSF modeling for fan-bean collimators20.

In this study, attenuation correction was based on the assumption that the brain has a 

constant linear attenuation coefficient throughout. Although accurate attenuation correction 

can be achieved using SPECT-CT, SPECT-CT is rarely used for ictal/inter-ictal imaging. 

Based on the fact that each patient typically has an MRI scan, we plan to perform MR-based 

SPECT attenuation correction based on the development of MR-based PET attenuation 

correction for PET-MR imaging21, 22 in the future. We anticipate this will reduce artifacts in 

reconstructed SPECT images, particularly for deep brain regions.

V. CONCLUSION

We propose a joint ictal/inter-ictal reconstruction method in which both ictal and inter-ictal 

projections are reconstructed jointly in a single reconstruction framework to obtain the 

differential image. This joint ictal/inter-ictal reconstruction method achieves better image 

quality, hence holding promise to provide a better alternative to the current standard 

subtraction method used for epileptic foci localization in clinical practice.
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Figure 1. 
Schematic diagrams for the conventional subtraction (left) and the joint (right) methods to 

reconstruct the differential image
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Figure 2. 
Procedures to generate ictal/inter-ictal phantom data.
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Figure 3. 
Differential images obtained from both the subtraction and joint methods for the phantom 

study when LBC is 1.25 and total number of counts is 2 million. The pink arrows point to 

the lesion.
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Figure 4. 

Mean of lesion contrast  in the differential image versus iteration number for both the 

subtraction and joint methods for the phantom study. Total number of counts is 2 million.
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Figure 5. 
SD of lesion contrast σC in the differential image versus the iteration number for both the 

subtraction and joint methods for the phantom study.
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Figure 6. 
Differential images for one subject obtained from the subtraction method, the subtraction 

method with non-negative windowing, and the joint method. The pink arrows point to the 

epileptic focus.
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Figure 7. 
Comparison of LROC curves between the subtraction and joint methods generated by the 

two readers.
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