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‡Université des Sciences et Technologies de Lille 1, Lille, France

¶Université Grenoble Alpes, EA-7442 Rayonnement Synchrotron et Recherche Médicale,
Grenoble, France

E-mail: yang.yang@esrf.eu; bohic@esrf.eu; cloetens@esrf.eu

Abstract

Benefiting from the recent advances of syn-
chrotron X-ray nanoprobes, we demonstrate
three-dimensional (3D) correlative nano-
imaging on malaria-infected human red blood
cells. By combining X-ray fluorescence to-
mography and phase contrast nanotomography
on the same cell with sub-100 nm pixel size,
we establish a routine workflow from the data
acquisition, data processing to tomographic re-
construction. We quantitatively compare the
elemental volumes obtained with different re-
construction methods, the total variation min-
imization giving the most satisfactory results.
We reveal elemental correlations in different
cell compartments more reliably on reconstruc-
tions as opposed to 2D projections. Finally, we
determine for the first time the 3D mass frac-
tion maps of multiple elements at sub-cellular
level. The estimated total number of Fe atoms
and the total mass of the red blood cell show
very good agreement with previously reported
values.

Introduction

Living systems use and release major, minor
and trace elements for survival. Several essen-
tial ions participate in the control of numerous

metabolic and signaling pathways. In addition,
a number of sophisticated networks of traffick-
ing pathways are available to tightly regulate
their uptake, intracellular transport and com-
partmentalization.1 The detailed study of these
essential elements is a critical step towards a
better understanding of their homeostasis or
their dysfunctions.

Synchrotron X-ray fluorescence microscopy is
a label-free, quantitative and sensitive imag-
ing technique.2–4 It contributes to elucidate the
metallome through the determination of the el-
emental distribution, concentration and chemi-
cal state of metals inside tissues and cells at the
organelle level. However, most of the applica-
tions use 2D imaging whereas biological speci-
mens are inherently 3D objects. Therefore, the
investigation of the elemental 3D distribution
across the sub-cellular complex and intercon-
nected structures is necessary. It can provide
the key information to decipher metal compart-
mentalization and translocation. The advent
of high energy X-ray nanoprobes5,6 with high
flux is opening new possibilities for single cell
3D elemental imaging. The spatial resolution
has dramatically improved, but also the sensi-
tivity and the efficiency have increased. Hence
more demonstrations and applications are re-
porting sub-micron X-ray fluorescence nanoto-
mography.7,8

The emerging approach of correlative imag-
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ing, which combines X-ray fluorescence tomog-
raphy and X-ray phase contrast imaging opens
new perspectives in bioimaging.9–11 It comple-
ments qualitatively the elemental information
with structural information. Previous works
have successfully achieved the absolute quan-
tification in 2D X-ray fluorescence imaging.12,13

However, combining the information for im-
proved 3D quantification in terms of mass frac-
tions remains challenging, mainly due to barri-
ers in fluorescence tomography data acquisition
and data processing.

Here we exemplified the quantitative use of a
correlative 3D imaging workflow on human red
blood cells infected with the malaria parasite
P. falciparum. The X-ray fluorescence tomogra-
phy acquisition is optimized in spatial and tem-
poral resolution compared to existing work and
complemented with efficient X-ray holographic
nanotomography for 3D mapping of the elec-
tron density. A workflow for data processing
was established, optimizing the fluorescence to-
mography reconstruction procedure among dif-
ferent methods. Finally we also registered the
fluorescence and the phase contrast tomogra-
phy data to obtain 3D mass fraction maps of
the elements. The quantification of the total
number of Fe atoms and the total mass of the
cell agreed very well with the values reported
in.14–16

Experimental

Data acquisition

The data acquisition was performed at the
ID16A Nano-Imaging beamline of the ESRF,
providing an exceptionally bright X-ray nanofo-
cus of 27 nm (H) × 37 nm (V) with a flux of
4×1011 ph/s at 17 keV. X-ray holographic nan-
otomography,17 providing the 3D electron den-
sity distribution, was performed first as it re-
quires less dose and is therefore less damaging.
For efficient phase retrieval, tomography scans
at four different focus-to-sample distances were
acquired as illustrated in the center of Fig. 2.
Each tomography scan consisted of 1200 projec-
tions over 180◦ with an exposure time of 0.2 s.

Figure 1: (a) Elemental maps (Fe, S and P)
of two red blood cells measured with X-ray
scanning fluorescence imaging (unit: ng/mm2),
with a step size 30 nm. (b) Left: Areal
mass density map (unit: mg/mm2) of the red
blood cells retrieved by holographic phase con-
trast imaging. Right: Elemental maps (unit:
ng/mm2) of the same cells boxed in the areal
mass density map, measured with a moderate
step size of 75 nm.

The effective pixel size of the retrieved phase
maps was 10 nm, one of which is shown on the
left of Fig. 1(b).

Then the X-ray fluorescence tomography, pro-
viding the 3D elemental concentrations,18 was
performed by scanning the sample on-the-fly
through the X-ray nanofocus at different an-
gular positions. As illustrated in the center of
Fig. 2, the X-ray fluorescence emission was col-
lected by a pair of six-element silicon drift de-
tectors (Rayspec, UK) positioned perpendicu-
lar to the beam path on each side of the sam-
ple. Fig. 1(a) shows high resolution 2D fluo-
rescence elemental maps obtained with a step
size of 30 nm. One healthy red blood cell (top
right) and another infected by the malaria par-
asite (bottom left) can be recognized. Different
compartments, such as the hemozoin crystals
and the digestive vacuole, are clearly differen-
tiated in the Fe map of the infected cell. This
very high spatial resolution can unfortunately
not be preserved in the 3D fluorescence map-
ping due to limitations in acquisition time and
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anticipated radiation damage. A compromise
between the field-of-view, the step size and the
number of angular projections has to be made.
In our case, a field-of-view of 15 µm × 8 µm was
mapped with a step size of 75 nm and 50 ms
dwell time, repeated at 22 angles covering a
range of 156◦ and leaving a missing-wedge of
24◦ due to the sample support. This resulted
in a total acquisition time for fluorescence to-
mography of approximately 10 hours including
the overhead. Compared to the previously re-
ported experiment duration, such as 36 hours
including the overhead in,7 72 hours including
the overhead in11 and 15 hours excluding the
overhead in ,10 this improvement in acquisition
time is crucial to perform 3D fluorescence map-
ping more routinely. Using a beam attenuation
by a factor 24, the total dose delivered to the
sample during the fluorescence tomography ac-
quisition was estimated to be 7× 108 Gy (see
Supporting Informtion).19

Data processing and tomographic
reconstruction

The processing of the X-ray phase contrast nan-
otomography datasets follows a well established
procedure in two steps: phase retrieval and to-
mographic reconstruction. The phase retrieval
exploits the linearity between the Fourier trans-
form of the images and the Fourier transform
of the phase map through the contrast trans-
fer function model.20 It is implemented in in-
house code using the GNU Octave language.
The phase maps are projections of the refrac-
tive index decrement δ that is proportional to
the electron density, and to a good approxima-
tion to the total mass density. A 2D projec-
tion phase map can thus be converted to the
areal mass density as in Fig. 1(b). The second
step involves tomography reconstruction. This
was performed using the PyHST software devel-
oped at ESRF,21 applying a GPU accelerated
implementation of the classical filtered back-
projection (FBP) inversion algorithm.22,23 The
resulting refractive index distribution is con-
verted in local mass density using the Guinier
approximation.24

The processing pipeline of the fluorescence

nanotomography is complex and less estab-
lished than the one for phase contrast tomog-
raphy. Briefly, the raw fluorescence spectra,
summed over the different detector elements,
were fitted using PyMCA,25 and calibrated
with a thin film reference sample (AXO DRES-
DEN GmbH) to obtain the areal mass density
maps of the different elements. The maps were
corrected for a small amount of shrinkage (max-
imum 5%) over the acquisitions. A preliminary
rough alignment of the sum spectrum projec-
tions with a basic cross-correlation algorithm
was followed by horizontal fine tuning using the
center of mass. The subsequent tomographic re-
construction was realized with the TomoJ plug-
in from the ImageJ software26 for the follow-
ing algorithms: Simultaneous Iterative Recon-
struction Technique (SIRT),27 Total Variation
Minimization (TVM),28 and TVM with posi-
tivity constraint. Maximum likelihood expec-
tation minimization (MLEM)29 reconstruction
was made with XRDUA software,30 but is also
available in TomoPy.31

3D volume registration between the elemental
mass concentration volumes and the mass den-
sity volume is made with 3D affine registration
using the DIPY package.32,33 This registration
uses mutual information and a multi-resolution
strategy to avoid local optima. For absolute
quantification, we obtained the 3D mass frac-
tion distributions by a regularized division13 of
the elemental distributions by the mass density
distribution.

Results and discussion

Fig. 1(b) shows the areal mass density of Fe,
S and P in two red blood cells (right) and the
areal total mass density with a larger field-of-
view covering several cells (left). These 2D
maps are the multi-modal projections at nor-
mal incidence of the tomography datasets. The
cell on the left was non-infected, while the one
on the right was infected by the malaria P. fal-
ciparum parasite. In the non-infected cell, the
areal mass density maps of Fe, S and P appear
similar and proportional to the areal mass den-
sity map on the left. This indicates very homo-
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Figure 2: Workflow of correlative imaging with X-ray fluorescence tomography and phase contrast
nanotomography to produce 3D mass concentration, mass density and mass fraction volumes. The
sample was first put downstream of the X-ray nanoprobe to perform phase contrast nanotomogra-
phy. The 3D mass density volume is obtained as a result of the tomographic reconstruction (on the
right). Subsequent X-ray fluorescence scanning measurements were performed with the same sam-
ple in the focus of the nanoprobe. Tomographic reconstruction yields the 3D mass concentration
volumes of different elements (on the left). The two multi-modal volumes were then registered to
yield 3D mass fraction volumes (top).

geneous distributions of most chemical elements
across the whole cellular body. In the infected
cell however, one can observe an Fe rich area
identified as the parasitic vacuole. Through the
digestion of hemoglobin and crystallization of
hemozoin, the parasite induces the relocation
of Fe inside the cell leading to an intense X-
ray fluorescence signal typical of the hemozoin
crystals.34 Interestingly, an increased areal den-
sity of P proved to be associated to the para-
sitic vacuole. This was also observed in a previ-
ous study with electron-probe X-ray microanal-
ysis (EPXMA) where the P content was higher
in the malaria-infected red blood cells than in
non-infected cells, showing elevated levels of P

especially in the cytoplasm of the parasites.35

This can be interpreted as a sign for increased
metabolic activity.

Tomographic reconstruction opti-
mization

One of the goals of the present work is to opti-
mize the quantitative tomographic reconstruc-
tion given the challenges set by this type of
datasets. The limitations originate from the
small number of projections available (22 pro-
jections spanning 156◦), the considerable miss-
ing wedge (24◦), and the poor signal-to-noise ra-
tio (SNR) for most elements (with the notable
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Figure 3: Comparison of the central slice of the tomographic volumes obtained with five reconstruc-
tion methods (FBP, MLEM, SIRT, TVM and TVM with positivity constraint). We exemplified
with the elements Fe, S and P, which are of main biological relevance. The same color bar (unit:
µg/mm3) applies to the mass concentration obtained with the five methods. Note that the FBP
images are saturated in some parts due to their high noise level. Line profiles along the central
line of the slices are compared below the column of each element. The plots on the right compare
respectively the resolution, signal-to-noise ratio and fidelity of the reconstructions.

exception of Fe). This is a common situation
for X-ray fluorescence tomography in a biolog-
ical context. The angular undersampling is the
main limitation and becomes the driving factor
in the choice of the reconstruction method. We
found iterative approaches with regularization
to yield the best results.

Fig. 3 summarizes the comparison of the
different tomography reconstruction methods.
Our analysis were done on the 3D maps of Fe,
S, and P using as comparison metrics: the full-
width-half-maximum (FWHM) of edge-cutting
lines, the SNR and a fidelity evaluation. The
FWHM was extracted for Fe and S from re-
spectively the horizontal and vertical line indi-

cated in white in the first row of the Fe col-
umn. Five horizontal and five vertical line pro-
files were fitted with hyperbolic functions to ex-
tract estimates of the resolutions. The standard
deviations of the five measurements were used
to compare the consistency and spot artifacts.
The SNR was defined as36

SNR =
Scell − Sbg√
σcell2 + σbg2

(1)

where Scell and Sbg is the average signal in ho-
mogeneous regions within cells and the back-
ground, respectively. σcell and σbg denote the
standard deviations in the respective regions.
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In fidelity evaluation, the two boxed areas in
the Fe column in the second row were used
as representative of smooth features (blue box)
and non-smooth features (pink box). To eval-
uate the errors in the reconstructed volumes,
we subtracted the sum of reconstructed slices
from the corresponding projection map and cal-
culated the root-mean-square-error (RMSE) of
the five reconstruction methods.

Although FBP is the fastest deterministic
method, it does not provide satisfactory results
for our data. It suffers from the angular un-
dersampling and the low SNR in the projection
data. As shown in the line profile and the SNR
evaluations, high level of noise and large fluctu-
ations hindered the quantification in the recon-
structed volumes. Moreover, the missing wedge
leads to evident artifacts, illustrated by the red
arrow in Fig. 3.

MLEM provides enhanced image quality as
a probabilistic based iterative method. It was
able to reduce the statistical artifacts without
excessive smoothing. Starting from a guess of
homogeneous distribution, MLEM restores first
the low frequencies and then the high frequen-
cies iteratively. It converged very quickly (10
iterations), but exhibits a high variance that in-
creases with the number of iterations. There is
a large discrepancy in the vertical and horizon-
tal resolution values, because with a fixed num-
ber of iterations the vertical features of the cell
got sharp, while the horizontal features were
still blurred. Notwithstanding, MLEM seemed
to behave better in regions that are not piece-
wise constant such as the pink area boxed in
Fig. 3. In this area with the hemozoin crystals,
the large intensity fluctuations are more prone
to be affected by the total variation minimiza-
tion.

The SIRT and TVM algorithms showed both
good denoising efficiency and gave very simi-
lar results. This similarity should be related
to the small TVM regularization weight used
(0.05 in TomoJ). These methods outperformed
FBP and MLEM in terms of resolution, SNR
and fidelity evaluation. The best FWHMs of
188 nm in vertical and 290 nm in horizontal di-
rection were given by TVM with positivity con-
straint, as it has the advantage of forcing the

background to be zero. As a result, we applied
TVM with positivity constraint to reconstruct
the final elemental volumes.

Quantitative analysis on mass con-
centration and mass fraction

We have quantitatively calculated the elemental
mass concentrations, mass fractions and total
mass for different cell compartments in Table 1.
The parasite to cell ratios in mass fraction are
1.84 for Fe, 1.33 for S and 2.01 for P. It indicates
the uptake percentage of these elements inside
the parasitic vacuole. It is also consistent with
the observations on the elemental distributions,
where P showed the strongest contrast between
the parasite region and the rest of the cell body.
The total number of Fe atoms was calculated
to be 9.2× 108 and 8.9× 108, respectively in
the non-infected and infected red blood cell, in
very good agreement with the value 1.08× 109

in ref,14 also consistent with the measurements
with vitrified malaria-infected red blood cells.15

The total mass of the infected red blood cell of
27.4 pg agreed very well with the value (27.2 ±
5.3 pg) reported in .16

Fluorescence tomography of single cells pro-
vides the intracellular elemental distributions in
3D, thus their colocalization can be determined
unambiguously in contrast with 2D scanning
for which elemental correlations are often ob-
scured by overlaps. The scatter plots presented
in Fig. 4 illustrate the change in the elemental
distribution correlation in one tomographic re-
constructed slice compared to a 2D projection.
The entire cell was segmented into three com-
partments: the non-infected part of the cell,
the parasitic vacuole, and the hemozoin crys-
tals. We applied simple linear regression mod-
eling to analyze the correlation between Fe and
S in each compartment (see Table S1). The
correlation coefficients in the hemozoin crystal
part increased from 0.12 in the 2D projection
to 0.33 in the tomographic reconstructed slice,
yielding statistically relevant slope of 0.24 (p-
value = 7.6× 10−5) between Fe and S.
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Table 1: Elemental mass concentration and mass fraction

mass concentration
(µg/mm3)

mass fraction
(1/1000)

total mass
(g)

parasite whole cell parasite whole cell parasite whole cell
Fe 1.93 0.99 1.75 0.95 3.99× 10−14 8.29× 10−14

S 12.52 8.75 11.19 8.43 2.63× 10−13 6.92× 10−13

P 22.40 10.48 20.28 10.07 3.42× 10−13 5.43× 10−13

Mass density 1.06× 103 1.04× 103 1.09× 10−11 2.74× 10−11

Figure 4: Scatter plots of S and Fe elemen-
tal maps in the infected red blood cell calcu-
lated on a 2D projection (left) and on a tomo-
graphic slice (right). The cell shown in the in-
set box was splitted manually into three major
compartments: the cell (yellow), the parasite
(cyan), and the hemozoin crystal (pink). These
compartments correspond to the three clusters
in the scatter plots. Linear regression lines are
shown with the same color. The reconstructed
tomography slice showed better linear relation-
ships than the 2D projection, particularly in the
cell body part.

Conclusion

We presented a workflow of correlative imaging
with X-ray fluorescence tomography and phase
contrast nanotomography to produce 3D mass
concentration, mass density and mass fraction
volumes. The approach was applied on malaria-
infected human red blood cells. Data process-
ing was optimized particularly with respect to
the reconstruction method used in fluorescence
tomography. Using systematic evaluations of
the resolution, the SNR and the fidelity, we
found TVM with positivity constraint to give

the most satisfactory results. High resolution
intracellular 3D distributions of the key endoge-
nous elements Fe, P and S have clearly revealed
the different cellular compartments, in particu-
lar the parasitic vacuole and the hemozoin crys-
tals. Data analysis of the elemental correlations
was shown to be more reliable on the recon-
structed volumes compared to standard 2D pro-
jections. The quantitative analysis of the num-
ber of Fe atoms and the total cell mass proved
to be in a very good agreement with previously
reported values. Finally, the correlative nanoto-
mography approach provided for the first time
3D mass fraction volumes of multiple elements.

Cryogenic preservation of the biological spec-
imens is an important next step to maintain
the cells in their close-to-native state, thus re-
ducing chemical contamination and improving
morphological stability. Combined with ever
brighter X-ray nanoprobes, faster detector tech-
nology and improved reconstruction methods,
correlative X-ray nanotomography is becoming
the tool of choice for 3D analytical imaging of
entire cells.
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