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Cryo-electron tomography (cryo-ET) has emerged as an essential technique that allows us to reveal
macromolecular complexes and cellular architecture in their near-native states (Luci¢ et al., 2005). In
cryo-ET, the biological samples are imaged as they are tilted at different projection angles around a tilt
axis, resulting in 2D tilt series that can be reconstructed to 3D tomograms (Herman, 2009). However, due
to the radiation damage and the limited tilt range, cryo-ET suffers from low contrast and missing wedge
artifacts, which deteriorates the resolution of 3D reconstruction and weakens the interpretability of the
reconstructed tomogram (Herman, 2009; Luci¢ et al., 2005). To address these challenges, we introduced
the Model-Based Iterative Reconstruction (MBIR) method (Venkatakrishnan et al., 2015; Yan et al., 2019)
for tomographic reconstruction and demonstrated the advantages of MBIR in contrast improvement,
missing wedge artifacts reduction, missing information restoration, and subtomogram averaging
compared with other reconstruction approaches, including Weighted Back Projection (WBP)
(Radermacher, 1992), Simultaneous Iterative Reconstruction Technique (SIRT) (Gilbert, 1972), and
Iterative Compressed-sensing Optimized Non-uniform fast Fourier transform reconstruction (ICON)
(Deng et al., 2016).

We first evaluated the reconstruction quality of MBIR on a cryo-ET dataset (EMPIAR-10045) by visually
examining the missing wedge artifacts of gold markers. The missing wedge problem can be indicated by
the elongation of gold markers, halos and streaking artifacts in the adjacent region in different slice views
of the tomograms. As shown in Fig. 1A-D, it is clear that MBIR (Fig. 1D) can eliminate the halos and
streaking artifacts, reduce the elongation of gold markers and enhance the contrast of the biological
structures, compared with the performance of other reconstruction methods.

Next, we used the leave-one-out FRC method (Cardone et al., 2005; Yan et al., 2019) to assess the MBIR
restoration of the missing information. In this method, the FRC is calculated between the raw tilt image
and the corresponding reprojected image from a tomogram reconstructed without this tilt and used as a
quantitative evaluation of the quality of the recovered information. In Fig. 1E, it is evident that the gold
marker in MBIR reprojection of low and high tilt angles (the last column in Fig. 1E) is round, sharp-edged
without discernible distortion or blurring, which is nearly identical to the original tilted image (the first
column in Fig. 1E). Furthermore, the FRC curves of MBIR in Fig. 1F-G exhibit a significantly higher
correlation between the reprojection and the original tilt, validating MBIR’s capability to restore the
missing information.

We further studied if MBIR is able to improve the map quality of subtomogram averages. Fig. 2A, B and
E show the averaged subtomograms of WBP, MBIR maps and their “gold standard” FSC curves,
respectively. However, it can be seen that the FSCs do not drop to zero, implying the “gold standard” FSC
curves from the half maps may not be a reliable measurement of resolution for this dataset. Moreover, we
calculated the FSCs between the averaged subtomograms and additional reference maps at higher reported
resolutions, including EMD-3228 at 13 A resolution (Fig. 2C) (Bharat et al., 2015) and EMD-8799 at
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7.8 A resolution (Fig. 2D) (Himes and Zhang, 2018). The MBIR’s FSCs (green line in Fig. 2F-G) show
significant overall improvement compared with WBP’s FSCs (blue line in Fig. 2F-G), confirming the
better quality of the subtomogram average from MBIR than WBP.

Our results have effectively demonstrated the excellent performance of MBIR in contrast improvement,
missing wedge artifacts reduction, missing information restoration, and subtomogram averaging. The
clear benefits of MBIR should help achieve better quality reconstruction, facilitate further visualization,
such as biological feature interpretation, structure segmentation, and ultimately push cryo-ET to higher
resolution (Yan et al., 2019).
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Figure 1. Comparison of tomograms and missing information restoration from an experimental cryo-ET
dataset (EMPIAR-10045). (A-D) Tomograms reconstructed by WBP (A), SIRT (B), ICON (C) and MBIR
(D) methods. The three planes for each method represent the XY-slice (middle plane), XZ-slice (top plane)
and YZ-slice (right plane) of the tomogram intersecting at the same gold marker. (E) Comparison of
reprojections at two tilt angles (0° in the first row and 45° in the second row) using the tomograms
generated by different reconstruction techniques without the corresponding tilt. The images in the first
column are extracted from the tilt series, serving as the ground truth for comparison. (F) and (G) are
comparisons of the FRC curves of reprojections against the ground truth as depicted in (E) when 0° and
45° tilt is excluded in the leave-one-out test, respectively.
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Figure 2. Comparison of subtomogram averages. (A) The averaged map of WBP’s subtomograms. (B)
The averaged map of MBIR’s subtomograms. (C) The published subtomogram average map EMD-3228.
(D) The published subtomogram average map EMD-8799. (E) The comparison of the “gold standard”
FSC curves between WBP and MBIR maps. (F) FSC curves between the reference map EMD-3228 in (C)
and the averaged subtomograms (WBP in blue and MBIR in green). (G) FSC curves between the reference
map EMD-8779 in (D) and the averaged subtomograms (WBP in blue and MBIR in green).
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