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Abstract

Three dimensional image modalities introduce a new paradigm for visual search requiring visual 

exploration of a larger search space than 2D imaging modalities. The large number of slices in the 

3D volumes and the limited reading times make it difficult for radiologists to explore thoroughly 

by fixating with their high resolution fovea on all regions of each slice. Thus, for 3D images, 

observers must rely much more on their visual periphery (points away from fixation) to process 

image information. We previously found a dissociation in signal detectability between 2D and 3D 

search tasks for small signals in synthetic textures evaluated with non-radiologist trained 

observers. Here, we extend our evaluation to more clinically realistic backgrounds and radiologist 

observers. We studied the detectability of simulated microcalcifications (MCALC) and masses 

(MASS) in Digital Breast Tomosynthesis (DBT) utilizing virtual breast phantoms. We compared 

the lesion detectability of 8 radiologists during free search in 3D DBT and a 2D single-slice DBT 

(center slice of the 3D DBT). Our results show that the detectability of the microcalcification 

degrades significantly in 3D DBT with respect to the 2D single-slice DBT. On the other hand, the 

detectability for masses does not show this behavior and its detectability is not significantly 

different. The large deterioration of the 3D detectability of microcalcifications relative to masses 

may be related to the peripheral processing given the high number of cases in which the 

microcalcification was missed and the high number of search errors. Together, the results extend 

previous findings with synthetic textures and highlight how search in 3D images is distinct from 

2D search as a consequence of the interaction between search strategies and the visibility of 

signals in the visual periphery.
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1. INTRODUCTION

In radiology, 3D image modalities are becoming more common in the clinic. In particular, 

breast radiology is moving towards 3D acquisition techniques such as Digital Breast 

Tomosynthesis (DBT).1–4 The most common way to visualize 3D volumes is as a stack of 

2D images in which the screen displays one slice of the volume at a time and the reader can 

freely scroll up and down through the volume by changing the displayed slice. There is a 

large body of literature investigating how observers search 2D noise-limited images by 

moving their eyes and directing the high resolution fovea to points of interest in the images.
5–8

Classic studies in medical image perception have quantified errors relating to search (not 

fixated) and recognition (fixated but missed). There are fewer studies investigating search in 

3D images.9–11 One difference between 3D and single 2D images is that the large amount of 

information present in a 3D volume makes it prohibitively time consuming to explore 

through fixations all the image regions of each slice in the whole volume. For 2D images, 

radiologists typically explore a greater proportion of the image through eye movements. For 

3D images, the reader must often rely heavily on visual processing with the lower fidelity 

peripheral vision (for regions not fixated) to reach a final perceptual decision about the 

presence or absence of a potential disease. This increased use of peripheral vision for 3D 

search can make a foveally visible small signal detectable in 2D search or signal known 

location tasks, while it may often be missed in 3D search.

In previous studies we have illustrated such phenomena with filtered noise and non-

radiologist trained observers.12–15 In particular, we showed that the detectability of signals 

that are not visible in the visual periphery (small microcalcification-type signals) can heavily 

degrade in 3D search. In contrast, signals that are more visible in the periphery (mass-like 

signals) do not suffer such degradation in 3D search.

Here, we extend such comparisons using virtual breast phantoms16 and radiologists. The 

purpose of the study is to investigate differences in performance related to human 2D and 

3D search in isolation of any differences arising from technology differences in the image 

generation (planar x-ray vs. DBT). Thus, we compared the lesion detectability for simulated 

masses and single microcalcifications in 3D DBT and a 2D single-slice (center slice) DBT 

images.

2. METHODS

2.1 Stimuli generation

Given the need for a large number of cases, we used DBT projections obtained with the 

OpenVCT virtual breast imaging pipeline developed at the University of Pennsylvania.16–18 

The pipeline produces computational phantom models that include the skin, Coopers 

ligaments, and adipose and glandular tissue compartments. In this project, we used 700ml 

phantoms with 6.33cm ML-compressed thickness, 100μm voxel size, various simulated 

parenchymal patterns, and 15–25% of glandular tissue.
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DBT projections were synthesized assuming a clinical acquisition geometry (Selenia 

Dimensions, Hologic, Inc., Marlborough, MA) and clinical automatic exposure control 

settings. DBT images were reconstructed (at 100μm in-plane resolution, and 1mm slice 

spacing) using a commercial system available at the University of Pennsylvania (Briona 

Standard; Real Time Tomography, LLC, Villanova, PA). The size of each reconstructed 

phantom image was 2048×1792×64 voxels.

One of two simulated lesions were inserted in a random location in 50% of the phantoms; 

microcalcification like lesions were simulated as a solid sphere of 0.3mm diameter 

(subtending a visual angle of 0.06 degrees) inserted in the phantom before simulation of 

image acquisition and reconstruction of the DBT volume. The result was a bright point 

embedded in the background and present in ~5 slices. The masses were a combination of 

several 3D ellipsoids of a 7mm average diameter (subtending a visual angle of 0.5 degrees) 

with density stepped from the center to the edge to better blend the mass with the 

background. Figure 1 shows an example of the central slice of both lesion types. For the 2D 

case, a single slice of the 3D reconstruction was selected, in the case of lesion-present trials, 

the DBT slice corresponding to the central slice of the lesion was selected, on lesion-absent 

trials, the central slice of the reconstruction was chosen.

2.2 Experiment design

The experiment was designed as a free search task in which the observer was asked to look 

for a given signal (microcalcification or mass) with unlimited time. Eight radiologists 

participated in the experiment during the Radiology Society of North America (RSNA) 

conference, and at the Hospital of the University of Pennsylvania and Pennsylvania Hospital. 

The experiment consisted of 56 trials, 28 for the 2D single slice case and 28 for the complete 

DBT 3D case. For each condition, 14 trials did not contain any lesion, 7 had a 

microcalcification and 7 had a mass. All four conditions were randomly intermixed for each 

2D and 3D case.

The 3D volume was displayed as a stack of 2D images in a similar way that a radiologist 

reads DBT images. The user was free to scroll up and down through the volume by changing 

the displayed slice. In the 2D case, only the selected slice of the DBT was shown and the 

scrollbar was disabled. Figure 2 shows the steps for the experiment. In order to display the 

images we used a DICOM calibrated medical grade 5 MP grayscale monitor (2560 × 2048 

pixels) at a distance of ~75cm. Images occupied the whole screen subtending a visual angle 

of 25.6 × 20.5 degrees of visual angle. The screen luminance was calibrated using a DICOM 

profile and it was placed in a darkened room simulating a reading room.

An eye tracker (EyeLink Portable Duo, SR Research Ltd.) was used to monitor gaze position 

in real time. The remote mode of the tracker was used, that way, participants did not need to 

use any head rest that could affect their comfort. The tracker recorded the eye movements at 

a frequency of 500Hz with an accuracy of 0.25–0.5° of visual angle.
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3. RESULTS

We analyzed the detectability index, d’, for both 2D and 3D search. Figure 3 shows the d’ 

index for each lesion in both conditions. The results show how the detectability of 

microcalcifications is significantly higher than masses in the 2D single slice DBT (p < 0.05). 

Microcalcification d’ value drops significantly (p < 0.001), almost by half, while for masses 

the detectability did not vary significantly (p = 0.67) between 2D and 3D search.

The eye tracker information allowed us to quantify whether search errors (false negative 

trials with signals not fixated) or recognition errors (false negative trials with signals fixated 

but not recognized) were responsible for the decreased detectability for microcalcifications. 

Figure 5 shows that microcalcification misses are low (only recognition errors) for the 2D 

search, and higher for the 3D search. Approximately half of the misses in 3D search for 

microcalcifications can be attributed to search errors and half to recognition errors. In 

contrast, for masses, we find a different result; 3D search leads to a significantly higher 

proportion of recognition errors relative to search errors, and a lower combined miss rate 

than for 3D search for microcalcifications.

Figure 4 shows the average radiologist search time for the four conditions. For 

microcalcifications, search time increased by 350% in 3D search with respect to 2D search. 

For masses, the increment is lower but still significant (250%). We calculated the average 

percentage of area/volume explored for 2D and 3D. We calculated the % of the total area 

(2D) or volume (3D) covered by 5 degrees of visual angle circles centered on all fixations 

during search.5 For the 2D search, radiologists explored 70% of the area for both signals, 

whereas in the 3D case they explored around 50% for both signals.

4. DISCUSSION AND CONCLUSIONS

The goal of the current work is to understand better how 3D search might introduce new 

challenges to radiological decisions. In particular, the aim is to assess whether there might 

be an interaction between the lesions’ visibility in the visual periphery and its detectability 

in 3D search. Our current findings with virtual breast phantoms and radiologists are in 

agreement with previous results with synthetic textures and non-radiologist trained 

observers. Search in 3D led to increased misses and search errors relative to 2D for the 

microcalcification type signal, which is difficult to detect in the visual periphery. In contrast, 

the detectability of the simulated masses, for which visibility is higher in the visual 

periphery, did not degrade significantly for 3D search. The results suggest that the 

interaction between signal type and 3D search arises due to the relationship between the 

search strategy (the smaller amount of area/volume that radiologists covered while reading 

the images) with the 3D data and the lesions’ detectability in the visual periphery. A lower 

percentage of image regions explored with the high resolution fovea for 3D images results in 

a higher probability of a search error which has a stronger effect for microcalcifications. In 

the current study we considered single simulated microcalcifications. Clearly, clusters of 

microcalcifications are more clinically relevant. Thus, future work should assess how our 

findings with 3D search generalize to groups of microcalcifications.
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Together our results emphasize the importance of considering human visual peripheral 

processing in image quality with 3D images. The results further motivate the extension of 

traditional model observers7,19–23 to include a foveated visual system to better predict task 

performance in search tasks with 3D images.
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Figure 1. 
Example of the chosen slice of the 3D DBT showing the central slice of a microcalcification 

(left) and the central slice of a mass (right).
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Figure 2. 
Outline of the experiment. Left: the participant was informed of the type of lesion that may 

appear in the next trial. Middle: the DBT was shown and the participant had unlimited time 

to search for the given lesion. In 3D trials, the user could use the mouse to scroll through the 

volume and a scrollbar was also drawn. Right: the participant decided when to give a 

response to the presence or absence of the lesion.
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Figure 3. 
Detectability for MCALC and MASS in 2D and 3D search.
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Figure 4. 
Left: average search time. Right: average area/volume explored on each trial.
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Figure 5. 
Recognition and search errors in 2D and 3D for MCALC (left) and MASS (right).
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