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INTRODUCTION

X-ray fluorescence (XRF) microscopy is an important tool for determining the levels and distribution of trace metals in cells and tissues. XRF microscopy enables the simultaneous detection of a variety of elements of interest, and allows quantification of metals in organelles without the need for subcellular fractionation. 
Analysis of XRF images is commonly done “by hand”—the researcher manually draws a region-of-interest (ROI) mask around subcellular structures, and metal contents are calculated over these ROIs. Recent improvements in synchrotron beam intensity as well as X-ray optics, faster detectors, and software developments that allow fly scanning capabilities have enabled collection of very large data sets—scans of millimeter length scale, but at sub-micron resolution, encompassing hundreds of cells of a variety of different types. Analysis of such images by hand would be time-consuming, tedious, and prone to error and researcher subjectivity. Thus, it is desirable to develop software methods to automatically identify cells, objects, and regions of interest. One approach we have been exploring is to use soft clustering methods to identify cell ROIs by their elemental contents. 
EXPERIMENTAL

To test various ROI definition and clustering methods, we used a set of previously-collected XRF images of human erythrocytes infected with the malaria parasite Plasmodium falciparum, an important blood-borne pathogen. P. falciparum is known to import excess zinc for its own needs and to collect host heme in a food vacuole as it grows and develops (1), so achieving image segmentation using the iron and zinc distributions appeared promising. The 3D7 strain of P. falciparum was cultured in 10% human serum in RPMI-1640 according to literature methods (2). X-ray fluorescence imaging was performed at Beamline 2-ID-E at the Advanced Photon Source at Argonne National Laboratory as described previously (3).


Samples were previously analyzed using Maps software (4). Regions of interest defining cell, background, and food vacuole were drawn by hand, and metal contents were determined by multiplying the average 2D metal concentration by the ROI area. Soft clustering was performed in MATLAB. For each cell, the Zn vs. Fe scatterplot was drawn, and a four-Gaussian mixture model was fit to the scatterplot. ROIs were determined by calculating the posterior probability for a given pixel to belong to each ROI and plotting these probabilities as a function of position. Quantification over each region was achieved as described above. For comparison, pixels were also segmented into subregions using their elemental contents using k-means clustering. 
RESULTS

Soft clustering was able to successfully divide infected red blood cells into “parasite”, “food vacuole”, “host”, and background regions (Figure 1). While initial tests showed convergence on two or three distinct solutions in about 50% of the cells studied, subsequent modifications to the routine improved soft clustering to yield essentially 100% consistency in image segmentation. In contrast, k‑means clustering was found to have difficulty in distinguishing cell from background. 

Iron and zinc contents in the whole cell and food vacuole were determined and compared to the results obtained over hand-drawn ROIs, and no significant differences were observed. Thus, the routine is able to successfully quantify elements over each cell and in selected subregions with at least as much accuracy as yielded by hand-drawn ROIs, although analysis was much faster—on the order of minutes rather than hours.
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Figure 1: A: Human red blood cell infected with schizont-stage malaria parasite. B: X-ray map of iron distribution. C: X-ray map of zinc distribution. D: Soft ROI defining host regions. E: Soft ROI defining food vacuole region. F: Soft ROI defining parasite region.
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