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With the recent breakthrough in the camera together with microscopy automation and advancement of 

algorithms, cryo-EM has become a mainstream technique to solve structures of macromolecules at near 

atomic resolution. As a result, single particle cryo-EM has awarded Nobel Prize in chemistry in 2017. A 

renowned feature of cryo-EM image data is its extremely low signal-to-noise ratios (SNRs) due to usage 

of low-dosed electron beams for imaging to avoid radiation damages on biological structures. In addition, 

single particle cryo-EM data has acquired another character in the wake of resolution revolution, which 

makes its processing even more challenging. Owing to the current advances of electron microscope 

detector and automation, the size of a cryo-EM particle image is often larger than a hundred in each 

direction and the total number of particles exceeds hundreds of thousands such that processing cryo-EM 

images is thereby transformed into a high-dimension problem. 

 

Principal component analysis (PCA), a popular dimension reduction method, was introduced to single 

particle cryo-EM in its early development as an effective de-noising, dimension reduction step [1] but 

now faces challenges in processing cryo-EM data of increased dimension. Consider a high resolution 

project of 80S ribosome of 20 nanometer as an example, typical image size of a single particle has now 

increased to 300 by 300 and the number of images in a regular dataset to 100,000. As a result, solving the 

complete eigen-vector set in PCA would encounter complexities of O(1015) . Here, we propose a 

dimension reduction method called Two-Stage Dimensional Reduction (2SDR) that models the bases of 

images as Kronecker product of vectors and thereby significantly reduce the computation costs as shown 

in Figure 1 (where p, q is the height and width of images). For the 80S example, the resulting overall 

complexity for 2SDR is less than O(108). In addition, the vectorizes process in PCA will lead to unstable 

prediction due to the extremely large dimensionality involved. On the other hand, we show that 2SDR is 

more efficient asymptotically than PCA when the data has large dimension or when the SNR is low which 

is well suited in the cryo-EM context. 

 

Our 2SDR is applicable to various stages in the cryo-EM image processing workflow. In this study, we 

use benchmark experimental data to demonstrate its usage in de-noising particle images. We further 

develop a 2SDR-based pre-processing tool for 2D clustering with a scheme to circumvent the loss of high-

resolution signal through dimension reduction as depicted in Figure 2. We found that this pre-processing 

tool can improve 2D class average results from state-of-the-art methods including Relion [2] and ISAC 

[3] with faster convergence speed to give reliable ab initio 3D model as shown in Table 1. Finally, we use 

a movie data collected from direct electron camera to test a case of low SNR with large dimension and to 

our surprise this method is able to reveal particles in a single movie frame as presented in Figure 3.  

 

These results are encouraging and can help us to overcome the obstacles so to build a better cryo-EM 

workflow. We are thus optimistic that other important tasks in cryo-EM like analysing discrete 

heterogeneity and obtaining energy landscape associated with 3D structure which utilize PCA on tensor 

data can also benefit from 2SDR. 
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Figure 1.  Visual illustration of 2SDR, where p0, q0, r is the target reduce dimension. 

 
Figure 2.  2SDR preprocessing helps to obtain more accurate orientation parameters so that the class 

averages are improved. 

Execution Time of ISAC on 

70S Ribosome (Hour) 

(Original/2SDR) 

Execution Time of ISAC on 

Beta-galactosidas (Hour) 

(Original/2SDR) 

Resolution (A) @ 0.143 

(Original/2SDR) 

(Beta-galactosidas) 

1.58/1.14 2.85/1.89 7.75/7.51 

Table 1.  Performance on original and 2SDR set. The resolution is improved after 2SDR preprocessing.  

 
Figure 3.  Denoise of raw frame in a movie file of Beta-galactosidase dataset. Particles are indicated by 

yellow arrows. 


