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Abstract

Channelized Hotelling observer (CHO) has demonstrated strong correlation with human observer 

(HO) in both single-slice viewing mode and multi-slice viewing mode in low-contrast detection 

tasks with uniform background. However, it remains unknown if the simplest single-slice CHO in 

uniform background can be used to predict human observer performance in more realistic tasks 

that involve patient anatomical background and multi-slice viewing mode. In this study, we aim to 

investigate the correlation between CHO in a uniform water background and human observer 

performance at a multi-slice viewing mode on patient liver background for a low-contrast lesion 

detection task. The human observer study was performed on CT images from 7 abdominal CT 

exams. A noise insertion tool was employed to synthesize CT scans at two additional dose levels. 

A validated lesion insertion tool was used to numerically insert metastatic liver lesions of various 

sizes and contrasts into both phantom and patient images. We selected 12 conditions out of 72 

possible experimental conditions to evaluate the correlation at various radiation doses, lesion sizes, 

lesion contrasts and reconstruction algorithms. CHO with both single and multi-slice viewing 

modes were strongly correlated with HO. The corresponding Pearson’s correlation coefficient was 

0.982 (with 95% confidence interval (CI) [0.936, 0.995]) and 0.989 (with 95% CI of [0.960, 

0.997]) in multi-slice and single-slice viewing modes, respectively. Therefore, this study 

demonstrated the potential to use the simplest single-slice CHO to assess image quality for more 

realistic clinically relevant CT detection tasks.
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1. INTRODUCTION

Diagnostic image quality assessment is the basis for radiation dose and scanning protocol 

optimization in clinical CT. Task-based approaches using mathematical model-observers 

(MO) have become popular to characterize CT image quality, since MO provides objective 
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and quantitative image quality assessment that have been demonstrated to well-correlate 

with human observer (HO) performance [1]. Fourier based MO relies on the assumption of 

linear shift invariance and noise stationarity [2, 3]. In contrary, spatial domain channelized 

Hotelling observer (CHO) is more appropriate for evaluating CT images reconstructed by 

both filtered-back-projection (FBP) and iterative reconstruction (IR) algorithms [4–6]. The 

performance of CHO has been successfully validated in previous studies using low contrast 

object detection, localization, and classification tasks [7–9].

In most previous studies, MO and HO detection tasks were performed on 2D lesions in 2D 

static images (i.e. single-slice viewing mode). However, radiologists usually scroll through 

multiple consecutive slices (i.e. multi-slice viewing mode) to identify 3D lesions in routine 

practice. Some previous studies proposed methods to integrate multi-slice viewing mode 

into MO (MS-MO) [10, 11]. A few recent studies applied these MS-MOs to low-contrast 

object detection tasks with uniform water phantom images or simulated CT images, and 

investigated the corresponding correlation with HO [12, 13]. It was reported in [13] that MS-

MO was highly correlated with HO performance in multi-slice viewing mode and SS-MO 

yielded fairly similar association.

Although integrating multi-slice scrolling to MO is one step closer to modeling realistic 

tasks, these studies were performed with uniform water background. It remains unknown if 

the correlation is still valid in more realistic tasks involving multi-slice scrolling with patient 

anatomical background. In addition, since the SS-MO in uniform background is easier to 

implement in practice, it would be ideal to use SS-MO in uniform background to 

characterize CT image quality if its correlation with the HO in more realistic tasks can be 

demonstrated.

In this study, we aim to investigate the correlation between CHO in a uniform water 

background (both SS-MO and MS-MO) and human observer performance at a multi-slice 

viewing mode on patient liver background for a low-contrast lesion detection task. We 

employed the MS-MO used in [13], and selected a simple 2-alternative forced choice 

(2AFC) detection task of realistic liver metastatic lesion with various conditions of size and 

contrast.

2. METHODS

2.1 Data preparation

An abdomen-sized water phantom was used in MO studies. The anterior-posterior (AP) and 

the lateral (LAT) dimensions of the phantom were 26 cm and 35 cm, respectively. It was 

scanned on a single-source 128-slice CT scanner (SOMATOM Definition AS+, Siemens 

Healthcare, Germany) following a routine abdominal CT protocol used at our institute. X-

ray tube voltage was fixed at 120 kV. Data collection field-of-view (FOV) was 500 mm in 

diameter and scan range was 118 mm along longitudinal direction. The corresponding 

volume CTDI (CTDIvol) was 13.5 mGy. We carried out 100 repeated scans for water 

phantom, and then used a previously validated noise insertion tool [14] to realize image 

noise levels at a half and a quarter of routine radiation dose.
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For human observer studies, we retrospectively collected abdominal CT scans of 7 patients 

(without pathologically proven hepatic metastases), using routine scanning protocols. The 

routine scanning protocols were similar to that used in the CT scans of water phantom. A 

major difference was that automatic exposure control (AEC) system (CARE Dose4D, 

Siemens Healthcare, Germany) was turn on during abdominal CT scans. The mean CTDIvol 

of patient scans was 12.6 mGy. The same noise insertion tool was used to synthesize CT 

scans with a half and a quarter of routine radiation dose.

CT images were reconstructed on an off-line Siemens research image reconstruction 

workstation, using analytic and iterative reconstruction (IR) algorithms. For analytic 

reconstruction algorithm, we used weighted filtered back-projection (WFBP) with a medium 

sharp (B30f) kernel. For IR algorithm, we used SAFIRE (Sinogram Affirmed Iterative 

Reconstruction, Siemens Healthcare, Germany) with I30f kernel (comparable to B30 kernel) 

and a strength level of 2. Both B30f and I30f are clinically-approved reconstruction kernels. 

The diameter of display FOV was 380 mm and CT images were reconstructed with 512 × 

512 display matrix. Slice thickness and increment were both fixed at 3 mm.

To generate 3D signals for detection tasks, the volumetric CT images of a real metastatic 

liver lesion were used. Briefly, we extracted the lesion from CT images of a patient with 

proved metastatic liver lesion, using a 3D mask manually drawn by a radiologist. Lesion 

contrast and lesion size were modified numerically to generate multiple experimental 

conditions. Lesion contrast was varied at 15 HU, 20 HU, and 25 HU. Lesion size was varied 

at 5 mm, 7 mm, 9 mm, and 11 mm. We used a validated MATLAB script based software 

toolkit [15] to insert lesions at randomly selected locations in CT images of phantom and 

patients. Lesion locations were validated by a senior radiologist. Therefore, we created an 

ensemble dataset of 12 experimental conditions (Table 1) to enable a comprehensive 

evaluation on the correlation between MO and HO on different image noise level, lesion 

attributes, and reconstruction algorithms. A volume-of-interest (VOI) centered at each lesion 

was extracted (Figure 1) for each trial of 2-alternative force choice (2AFC) study. Each VOI 

consists of 5 axial slices and each axial slice was 60 mm × 60 mm. Background images were 

extracted from the CT images without the inserted lesions. In each experimental condition, 

we generated 68 trials of lesion-present and background VOIs.

2.2 Model observer

We employed the MS-MO from the reference [13]. The formula of MS-MO is summarized 

as follows. First, slice-wise 2D CHO templates were created for all slices in the VOIs of 

training datasets:

ωCHO, i = Sci
−1[gscι − gbcι], i = 1, 2, …, N (1)

Where ωCHO,i denotes the 2D CHO template for the ith slice, gscι and gbcι are the averaged 

channel outputs of the ith slices from signal-present and background VOIs, respectively, Sci 

denotes intra-class scatter matrix (i.e. the averaged covariance matrix of the channel outputs 

of signal-present and background images), and N is the number of slices in each VOI. 
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Second, 2D CHO responses λi, i = 1,2, …, N were integrated over all slices, using a hoteling 

observer (HTO) model. It was formulated as follows:

ωHTO, z = Sz
−1 λsz − λbz (2)

Where ωHTO,z denotes the HTO template, λsz and λbz are the mean vectors of 2D CHO 

response vectors of signal-present and signal-absent VOIs, respectively, and Sz is the 

averaged covariance matrix from λsz and λbz. The integrated response of MS-MO for a 

particular VOI is formulated by multi-slice integration:

λ = ωHO, z
T λz (3)

The selection of Gabor filter parameters were the same as the reference [13]. Besides MS-

MO, we also applied SS-MO to the central slices of all VOIs. MS-MO performance was 

quantified using area under curve (AUC) of ROC curve. Internal noise was added to the 

integrated response of MS-MO as follows:

λ′ = λ + αx (4)

where α is a weighting factor, x is a normal random variable (The expected value was 0 and 

the standard deviation was equal to the standard deviation of λ for background images). α 
was determined by matching the AUC of MO with a calibration condition (Figure 2). In this 

study, we selected condition #10 for calibration (Table 1). The value of α was equal to 2.45 

and 2.05 for MS-MO and SS-MO, respectively.

2.3 Human observer study

For each trial, signal-present and background VOIs were shown together with random 

placement. Four human readers were recruited to identify signal-present images on a 

MATLAB script based GUI (Figure 2). Before the initial reading session, readers were 

trained to perform detection tasks with this GUI. All experimental conditions were randomly 

divided into three sessions. In all reading sessions, readers were required to scroll through all 

slices of each VOI (i.e. multi-slice viewing mode) and identify signal-present VOIs. Human 

reader performance was gauged by calculating percent correct (PC) at each experimental 

condition.

3. RESULTS

The performance of MS-MO was highly correlated to that of HO performed with multi-slice 

scrolling in all experimental conditions. Figure 4 illustrates the strong association between 

the AUC of MS-MO and the averaged PC of HO across 8 experimental conditions: CT 

images were reconstructed with WFBP or IR; lesion size was varied across 5 mm, 7 mm, 9 

mm, and 11 mm; lesion contrast was fixed at 15 HU; radiation dose level was routine dose. 
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Pearson’s correlation coefficient between MS-MO performance and HO performance across 

all 12 experimental conditions also consolidate this observation (ρ = 0.982, and the 

corresponding 95% confidence interval (CI) was [0.936, 0.995]). Furthermore, the 

performance of SS-MO was still highly correlated to that of HO performed with multi-slice 

scrolling. Figure 5 demonstrates that the AUC of SS-MO and the averaged PC of HO still 

yielded a strong association across the same 8 experimental conditions in Figure 4. The 

corresponding Pearson’s correlation coefficient was ρ = 0.989, with 95% CI of [0.960, 

0.997].

4. CONCLUSION

CHO in a uniform water background, both single-slice and multi-slice, was shown to highly 

correlate with human observer performance in a low-contrast lesion detection task that 

involves realistic patient liver background and multi-slice scrolling. These results 

demonstrated the potential to use the simplest single-slice CHO in uniform background to 

assess image quality for more realistic CT diagnostic tasks.
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Figure 1. 
Examples of the extracted VOIs from CT images of water phantom and patients, 

respectively. Lesion size was 9 mm, and lesion contrast was 15 HU. The display window 

was 400 HU/40 HU (W/L).
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Figure 2. 
AUC of MS-MO (a) and SS-MO (b) with different values of α. The weighting factor α for 

internal noise was determined by comparing the AUC values of MO to HO at the selected 

calibration condition.
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Figure 3. 
GUI for human reading study
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Figure 4. 
Comparison between MS-MO performance and the averaged HO performance in 

experimental conditions with different lesion sizes and reconstruction algorithms. Lesion 

contrast was fixed at 15 HU and dose level was FD. CT images were reconstructed with 

WFBP (a) and IR (b), respectively.
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Figure 5. 
Comparison between SS-MO performance and the averaged HO performance in 

experimental conditions with different lesion sizes and reconstruction algorithms. Lesion 

contrast was fixed at 15 HU and dose level was FD. CT images were reconstructed with 

WFBP (a) and IR (b), respectively.
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