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Cryogenic Electron microscopy (cryo-EM) is one of the most important instruments for determining the 

structures of protein complexes in near-atomic resolution, evidenced by the fact that the first 3D structure of 

spike protein on COVID-19 virus was solved using cryo-EM [1]. Data processing is a crucial step in solving 

a cryo-EM 3D protein-complex structure and usually takes several days to emerge a reasonable 3D structure. 

There is a cry for accelerating data processing in cryo-EM community and here we address the alignment step. 

Alignment is critical in the whole workflow to boost the signal-to-noise ratio (SNR) by grouping similar 

particles together. Current approaches compute the cross-correlation between each image and the current 

model at all possible orientations to search the best parameter. Even though this costly procedure has benefited 

significantly from GPU parallelization [2] or the carefully designed heuristic method [3] and the branch-and-

bound algorithm that exclude regions of the search space [4], it still remains as a computational bottleneck in 

the entire workflow due to the fast-growing rate of automatic data acquisition. 

Moment of Inertia (MoI) as a 2 by 2 matrix I containing the central moments with order two, whose first 

eigenvector corresponds to the object’s orientation, has been a popular tool for image alignment [5]. However, 

the low SNR nature of cryo-EM images has prevented the direct application of MoI. Here, we proposed an 

algorithm called Rapid Alignment with Moment of Inertia (rAMI), as illustrated in Figure 1 (a) and we show 

that it can be widely applicable to the current alignment steps in cryo-EM. Our method starts with denoising 

the particle images with a novel dimension reduction method called 2SDR [6]. The denoised particles are then 

used to compute the matrix  for each image, 

where  is the 2D Cartesian central moment (X 

is an image represented as a M×N matrix, X(x,y) is the pixel value at coordinate (x,y) and  is the mean 

position of coordinates). Then, its first eigenvector is recorded as the major axis for each image. The major 

axis is then aligned with the x-axis in 2D plane for coarse alignment. Finally, it will check whether flipping 

along y-axis or rotation by 180 degrees for each image sequentially can improve the alignment results. As for 

those particles whose shapes are close to spherical, we propose a composite algorithm which use rAMI to 

produce an initial value for a state-of-the-art reference-free alignment algorithm (RFA) implemented in 

EMAN2 package [8]. To quantify the alignment performance, we use the Frobenius norm of the averaged 

image of the whole dataset (that contains N images X1, X2, ..., XN and each one is represented as a 2D matrix) 

defined as  which has been previously used in [7]. 

We find that the application of rAMI can significantly reduce the computation time while maintaining 

comparable performance, especially when the target resembles elliptical structures such as Betagal. We test 

rAMI on a synthetic Betagal dataset generated from RELION tutorial [3] (5000 particles with box size equal 

to 130 × 130 pixel and SNR=0.1). We compare our algorithm with RFA and the results are shown in Figure 1 

(b-d). As shown from the figure, each optimizing step (i.e., denoise, flip, rotation by 180 degrees) can 

substantially improve the Frobenius norm and the performance of rAMI is comparable to the RFA while we 

can save the computation time by one order of magnitude. We further test on the experimental 70S ribosome 
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dataset (5000 particles with box size equal to 130 × 130 pixel) [9] and 80S ribosome dataset (105,247 particles 

with box size equal to 90 × 90 pixel) [10] whose particle shapes are closer to a sphere. The results of the 

composite algorithm are comparable to RFA, while the computation time is saved by 40 percent, due to that 

the initial by rAMI can save the iteration number of RFA. 

The results are encouraging and we are optimistic that other tasks like 2D or 3D classification in cryo-EM that 

require alignment can also benefit from rAMI. This new approach to align cryo-EM images without searching 

a large amount of orientation space may solve the scalability problem due to the growing size of dataset. 

*The authors acknowledge funding from Academia Sinica. 

 
Figure 1. (a) Visual illustration of our proposed rAMI algorithm. The red line and blue line in each image 

represent the major axis and minor axis extracted from MoI. Note that we use clean particles in the figure for 

better visualization purposes, but the actual algorithm is performed on the noisy images. (b) Visual comparison 

between different alignment steps on synthetic Betagal dataset. Note that all the results are further denoised by 

2SDR for better visualization. Methods include alignment by MoI, MoI with refinement (MoI_rf, rotation and 

flip), MoI with denoised particle (MoI_d), MoI with denoised particle and refinement (rAMI) and the state-of-

the-art alignment algorithm RFA. (c) Frobenius norm after different steps on synthetic Betagal dataset (Higher 

is better). (d) Computation time of different steps on synthetic Betagal dataset (Lower is better). 

 
Figure 2.(a) Frobenius norm of different methods on experimental 70S ribosome dataset (Higher is better). 

The state-of-the-art alignment algorithm is denoted as RFA_x where x represents the number of iterations.  (b) 
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Computation time of different methods on experimental 70S ribosome dataset (Lower is better). (c) Same as 

(a) but on experimental 80S ribosome dataset. (d) Same as (b) but on experimental 80S ribosome dataset. 
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