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Coherent X-ray diffraction imaging (CXDI) is a technique for visualizing the

structures of non-crystalline particles with size in the submicrometer to

micrometer range in material sciences and biology. In the structural analysis

of CXDI, the electron density map of a specimen particle projected along the

direction of the incident X-rays can be reconstructed only from the diffraction

pattern by using phase-retrieval (PR) algorithms. However, in practice, the

reconstruction, relying entirely on the computational procedure, sometimes fails

because diffraction patterns miss the data in small-angle regions owing to the

beam stop and saturation of the detector pixels, and are modified by Poisson

noise in X-ray detection. To date, X-ray free-electron lasers have allowed us to

collect a large number of diffraction patterns within a short period of time.

Therefore, the reconstruction of correct electron density maps is the bottleneck

for efficiently conducting structure analyses of non-crystalline particles. To

automatically address the correctness of retrieved electron density maps, a data

analysis protocol to extract the most probable electron density maps from a set

of maps retrieved from 1000 different random seeds for a single diffraction

pattern is proposed. Through monitoring the variations of the phase values

during PR calculations, the tendency for the PR calculations to succeed when

the retrieved phase sets converged on a certain value was found. On the other

hand, if the phase set was in persistent variation, the PR calculation tended to

fail to yield the correct electron density map. To quantify this tendency, here a

figure of merit for the variation of the phase values during PR calculation is

introduced. In addition, a PR protocol to evaluate the similarity between a map

of the highest figure of merit and other independently reconstructed maps

is proposed. The protocol is implemented and practically examined in the

structure analyses for diffraction patterns from aggregates of gold colloidal

particles. Furthermore, the feasibility of the protocol in the structure analysis of

organelles from biological cells is examined.

1. Introduction

Coherent X-ray diffraction imaging (CXDI) is a lens-less

imaging technique for visualizing the structures of non-crys-

talline particles with dimensions in the submicrometer to

micrometer range at resolutions of several tens of nanometers

(Miao et al., 2015). In CXDI experiments, a spatially isolated

non-crystalline specimen particle is illuminated by a coherent

X-ray beam, and the Fraunhofer diffraction pattern is

recorded with a sufficiently high sampling frequency to satisfy

the oversampling condition (Miao et al., 2003a). The electron
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density map of the specimen particle projected along the

direction of the incident X-ray beam is reconstructed by

applying the phase-retrieval (PR) algorithms (Fienup, 1982) to

the oversampled diffraction pattern.

Because of the large penetration depth of X-rays with short

wavelengths, CXDI has the potential to visualize thick speci-

mens larger than 500 nm at a resolution of several tens of

nanometers without sectioning or chemical labeling. Since the

first demonstration in 1999 (Miao et al., 1999), many CXDI

experiments utilizing synchrotron X-rays have demonstrated

the potential to visualize internal structures of non-crystalline

particles from material sciences and biology (Williams et al.,

2003; Shapiro et al., 2005; Miao et al., 2006; Nishino et al., 2009;

Takayama & Nakasako, 2012; Nam et al., 2013).

Recently, CXDI experiments utilizing X-ray free-electron

lasers (XFELs) have been used to perform structure analyses

of non-crystalline particles (Seibert et al., 2011; Loh et al.,

2012; Nakasako et al., 2013; Hantke et al., 2014; Xu et al., 2014;

Kimura et al., 2014; van der Schot et al., 2015; Ekeberg et al.,

2015). Diffraction patterns are collected at the repetition rate

of the XFEL pulses with fresh specimens being delivered into

the irradiation area pulse by pulse. For instance, our diffrac-

tion apparatus TAKASAGO-6, which can move the frozen-

hydrated or dry specimens on thin film at a speed of 25 mm per

33 ms, provides more than 35000 diffraction patterns within

1 h at SACLA (Kobayashi et al., 2016a), where XFEL pulses

are supplied at a repetition rate of 30 Hz.

Diffraction patterns lose the phase information necessary to

reconstruct the electron density map of the specimen by the

inverse Fourier transform. In X-ray protein crystallography,

for instance, the phase of a diffracted wave is experimentally

estimated by measuring the changes in diffraction intensities

caused by the heavy-atom labeling of protein molecules (Blow

& Crick, 1959). In contrast, the phase values of a diffraction

pattern in CXDI are estimated by an entirely computational

procedure executed by a large number of PR calculation

cycles (for instance, 10000 cycles) under the real-space and

reciprocal-space constraints (Fienup, 1982).

In experimental diffraction patterns, small-angle regions,

where structural information on the overall shape and total

electrons of specimen particles are contained, are missed due

to the beam stop and saturation of the detector pixels. In

addition, Poisson noise in X-ray detection modifies the

diffraction patterns, particularly in high-angle regions. These

factors often make it difficult to efficiently obtain correct maps

as demonstrated in our previous simulation studies (Kodama

& Nakasako, 2011; Oroguchi & Nakasako, 2013; Kobayashi et

al., 2014; Takayama et al., 2015a; Yoshidome et al., 2015) and

structure analyses (Takayama et al., 2015b; Oroguchi et al.,

2015; Sekiguchi et al., 2016; Kobayashi et al., 2016b). As a

typical example, we show the results of PR calculations for a

diffraction pattern from an aggregate of ten 250 nm gold

colloidal particles [Figs. 1(a) and 1(b)]. Successful PR calcu-

lations provide maps displaying clear and well separated

images of ten gold colloidal particles, while ill-defined particle

images appear in maps from failed calculations. Among 1000

PR runs starting from different random electron density maps,

the number of successful and failed runs were 487 and 513,

respectively.

In structure determination, phases of diffraction waves are

more important than amplitudes to describe electron density

maps (Taylor, 2003). However, in CXDI, little attention is paid

to the variation of phases in the PR calculations. We specu-

lated that phase values in successful runs would change

differently from those in failed runs from our experiences in

simulations and structure analyses (Kodama & Nakasako,

2011; Oroguchi & Nakasako, 2013; Kobayashi et al., 2014,

2016b; Takayama et al., 2015a,b; Oroguchi et al., 2015; Yoshi-

dome et al., 2015; Sekiguchi et al., 2016). In fact, as demon-

strated in Fig. 1(c), the phase values in the small-angle regions

of S < 10 mm�1 converged and remained around certain values

in the early stage of the PR cycles, while phase values

persistently varied in failed runs. This point is visualized by the

frequency distribution of phase values in the PR cycles

[Fig. 1(d)]. These tendencies regarding the variation of phase

values suggest a clue to identify successful runs in PR calcu-

lations.

In this study, we propose a protocol for identifying

successful runs by monitoring the phase values. The key

features of the protocol are (i) parameterization regarding the

variations of the phase values in PR cycles, and (ii) use of

scores measuring the similarity of maps produced by a number

of PR runs. Here we describe the details of the proposed

protocol and its practical application to experimental

diffraction patterns from aggregates of gold colloidal particles

and organelles of biological cells.

2. Calculation methods

In this section, we describe the calculation methods used in the

proposed protocol. To concretely explain the details of the

calculation methods, we illustrate the process of structure

analysis for the diffraction pattern shown in Fig. 1(a).

2.1. PR calculations

We retrieve the projection electron density maps from a

diffraction pattern by combining the hybrid-input–output

(HIO) (Fienup, 1982) and shrink-wrap (SW) (Marchesini et

al., 2003) algorithms. The algorithms were implemented in a

program suite, ZOCHO, in our previous simulation studies

(Kodama & Nakasako, 2011; Oroguchi & Nakasako, 2013).

We perform 1000 PR runs with different random initial maps

for each single diffraction pattern. The PR runs in which the

support shapes did not converge are not used in the subse-

quent analysis.

2.2. Quantification of variation of phase values during
PR calculation

During a PR run, the frequency distribution of the phase

values is determined for each pixel in the diffraction pattern

by recording maps in every PR cycle. Because retrieved maps

lose information on absolute translational positions, maps are

research papers

J. Synchrotron Rad. (2017). 24, 1024–1038 Yuki Sekiguchi et al. � Most probable phase-retrieved maps in CXDI 1025



superimposed with regard to their

centroids prior to calculating the phase

values.

To quantitatively parameterize the

frequency distribution, we introduce a

figure of merit (FOM) for the frequency

distribution of the phase values in a

pixel at scattering vector S ðjSj =

2 sin �=�, where 2� and � are the scat-

tering angle and wavelength of incident

X-rays, respectively) as

FOM k; Sð Þ ¼

���P
k

P k; Sð Þ exp i�kð Þ

���
P

k

P k; Sð Þ
;

ð1Þ

where Pðk; SÞ is the frequency of phase

values in the kth bin at S. We used a bin

width of 0.2� rad suitable for describing

frequency distributions of phase angles

among a set of 1000 trial calculations

[Fig. 1(d)]. �k is the phase value at the

center of the kth bin. The FOM values

tend to be high in small-angle regions,

and gradually decrease at high diffrac-

tion angles. As an example, the varia-

tions of the FOM values between the

successful and failed runs are compared

as shown in Fig. 2(a). In the successful

run, the number of pixels in the

diffraction pattern displaying high FOM

values tended to be larger than those in

the failed run.

In this study, we tentatively set a

threshold for the FOM of 0.5. The

number of pixels with FOM values

larger than the threshold value, desig-

nated as N0.5, is then counted for the

diffraction pattern in each PR run

[Fig. 2(b)]. For the diffraction pattern

shown in Fig. 1(a), the successful runs

gave an N0.5 value of 300–3500. In most

of the failed runs, a real-space constraint

in the PR calculation sometimes works

as an operator to convert incorrect

maps into different incorrect maps. As a

result, the phase values in PR cycles of

failed runs would distribute over a wide

range and then the broad frequency

distributions give small N0.5. When the

phase values drop near the correct

values in the final stage of the PR cycles,

the frequency distributions of the phase

values become broad and give a small

FOM. The N0.5 values of failed runs are

less than 2000.
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Figure 1
(a) Diffraction pattern from an aggregate of ten 250 nm gold colloidal particles recorded using a
single-shot XFEL pulse. The magnitude of scattering vector S is defined as jSj = 2 sin �=�, where 2�
and � are the scattering angle and the wavelength of the X-rays, respectively. Then, the resolution at
the edge is 17.4 mm�1 (corresponding to a resolution of 57.4 nm in the real space). Starting from
electron density maps of different random noise, 1000 projection maps are retrieved by the HIO–
SW algorithm. (b) Because the shape and size of each gold colloidal particle is known, we can
determine which PR runs succeeded or failed. The blue-colored boxes indicate the maps of
successful runs, while maps of failed runs are indicated by red boxes. The scale bar indicates 200 nm.
(c) Variation of phase values in the course of PR calculations for the diffraction pattern shown in
(a). The left-hand panel shows the phase values in the diffraction pattern at the 3000th PR cycle of a
successful run. The right-hand panel shows the variation of phase values at pixels A (blue line for
the successful run and red line for the failed run) and B (green line for the successful run and black
line for the failed run). The maps appearing at the 1000th, 3500th and 10000th cycles in the runs are
shown for the successful (blue box) and failed runs (red box). (d) Frequency distributions of phase
values at pixel A during the 11000 cycles of the PR calculation are shown for the successful (left
panel) and failed (right panel) runs.



2.3. Similarity score

The PR run displaying the largest N0.5 score is assumed to

succeed in producing a map (the best map) that would be

closely similar to the true one. Subsequently, runs that give

maps similar to the best one can also be assigned as successful

runs. Several CXDI studies postulated that frequently

appearing maps in a large number of independent PR runs are

usually more probable (Park et al., 2013; Kimura et al., 2014;

van der Schot et al., 2015; Sekiguchi et al., 2016). Therefore, to

find maps of successful runs and validate whether the best map

is correct, we use a parameter to measure the similarity of a

map to the best map defined as (Miao et al., 2003b)

Tj ¼
X
x;y

�1 x; yð Þ � �j x; yð Þ
�� ��.X

x;y

�1 x; yð Þ þ �j x; yð Þ
�� ��; ð2Þ

where �1 x; yð Þ is the electron density value of the best map and

�j x; yð Þ is the electron density value of the other map. When

the two maps become more similar, the Tj score tends to be

close to 0.

Fig. 2(c) shows the Tj scores of 999 maps against the best

map. The Tj values of the maps that resemble the best map are

smaller than 0.2. In most cases, the maps showing Tj values

larger than 0.25 have different shapes from the best map.

Therefore, we set the threshold value of Tj to 0.2 for extracting

the correct maps.

Finally, we calculate the average of the electron density

maps with the Tj values smaller than 0.2 [Fig. 2(d)]. The

averaged map is composed of the electron densities of ten gold

colloidal particles with a standard deviation of less than 0.5%

from the average. This result suggests that N0.5 and Tj would

be used as indicators for extracting correct electron density

maps from a set of PR maps.

2.4. Protocol to extract correct electron density maps

Based on the analysis shown in Fig. 2, we propose a protocol

for extracting maps from successful runs (Fig. 3). Firstly, 1000

PR calculations for a diffraction pattern are carried out

starting from different random density maps. In each PR

calculation run, the phase values calculated in each PR cycle
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Figure 2
(a) FOM values of pixels in the diffraction pattern shown in Fig. 1(a) for successful (left panel) and failed (right) runs. (b) N0.5 values for 487 successful
runs (blue dots) and 503 failed runs (red). The calculation numbers are given in the order of the N0.5 values within correct or incorrect maps. (c) Tj values
of PR maps against the best map. The values for maps from successful and failed runs are indicated by blue and red dots, respectively. (d) The upper
panel is a map averaged from those with Tj values smaller than 0.2, and the lower panel is the standard deviation from the average.



are stored to construct the frequency distribution of the phase

values for pixels in the region of interest (S < 20 mm�1) in the

diffraction pattern. After calculating the FOM values in the

pixels of the diffraction pattern, the best map with the largest

N0.5 is used as the reference in calculating the Tj scores.

Subsequently, maps with Tj values smaller than 0.2 are

extracted as correct maps. The threshold value for the Tj score

is set through the application of this protocol to several

diffraction patterns in this study (see the Results section).

Finally, the average electron density map and the standard

deviation from the average are calculated.

3. Experimental procedure

3.1. XFEL-CXDI experiment and data processing

We performed CXDI experiments using our custom-made

diffractometer KOTOBUKI-1 (Nakasako et al., 2013) or

TAKASAGO-6 (Kobayashi et al., 2016a) at BL3 (Tono et al.,

2013) of the XFEL facility SACLA. Either diffraction appa-

ratus was placed so that the specimen position of the appa-

ratus was in the focus spot of the XFEL pulses focused by

Kirkpatrick–Baez mirror system (Yumoto et al., 2013). The

intensity and duration of the X-ray pulses with an energy

of 5.5 keV were approximately 1010–

1011 photons mm�2 pulse�1 and 10 fs,

respectively. A specimen holder fixing a

silicon nitride membrane was scanned

against incident X-ray pulses. In the

diffraction data collection using the

KOTOBUKI-1 diffraction apparatus,

X-ray pulses were extracted at a repe-

tition rate of 1 Hz by the pulse-selector

device installed on the beamline. In

contrast, the TAKASAGO-6 apparatus

allows us to collect diffraction patterns

at a repetition rate of 30 Hz (Kobayashi

et al., 2016a).

The method for the preparation of

specimens has been reported previously

(Kobayashi et al., 2016b). Diffraction

patterns were recorded by using the

multi-port CCD (MPCCD) Octal and

the Dual detectors (Kameshima et al.,

2014) in a tandem arrangement. The

camera distances of the MPCCD Octal

and Dual detectors were approximately

1.6 m and 3.2 m downstream from the

specimen position, respectively. The

central aperture of the MPCCD Octal

detector was changed depending on the

diffraction intensity. Aluminium foils

were placed in front of the Dual

detector to attenuate strong diffraction

patterns in the small-angle region.

The G-SITENNO program suite

(Sekiguchi et al., 2014a,b) was used for

data processing. The suite first subtracts the background noise

of the detectors and merges the diffraction patterns recorded

by the two MPCCD detectors. Each diffraction pattern was

binned by summing 2 � 2 pixel arrays into one pixel. By

inspecting the montage, a graphical summary of the diffraction

patterns worth analyzing, the diffraction patterns used for this

study were selected. All data processing by the G-SITTENO

suite was performed on a high-performance supercomputer,

composed of 960 cores of Intel Xeon CPU X5690 (3.47 GHz

per core), at SACLA (Joti et al., 2015). The PR calculations

were carried out on the mini-K supercomputer (Joti et al.,

2015).

4. Results

Here we examined the practical feasibility of the proposed

protocol for experimental diffraction patterns with a variety of

shapes and sizes of specimens, diffraction intensity, Poisson

noise, oversampling (OS) ratios and the sizes of missing small-

angle regions. We conducted 1000 PR runs for each diffraction

pattern from an aggregate of gold colloidal particles, and

determined which runs were successful or failed by inspecting

the size, shape and edges of particles in PR maps (Figs. 4 and

5). As demonstrated in Fig. 1(b), maps from successful PR
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Figure 3
Flowchart used in this study to extract correct electron density maps from 1000 PR calculation runs.



runs displayed clear and well defined particle images, and were

distinguished from those of failed runs with ill-defined particle

images. By inspecting the variation of similarity scores of PR

maps, we defined a threshold value of the similarity score for

discriminating safely between successful and failed runs. Then,

the protocol and the threshold value were examined further

by the application to the PR calculation for other diffraction

patterns from specimens with complicated structures (Figs. 6

and 7).

4.1. Feasibility of the proposed protocol

We examined the practical feasibility of the proposed

protocol through the application to two types of diffraction

patterns from aggregates of gold

colloidal particles (Figs. 4, 5 and

Table 1). The first type is a set of

diffraction patterns from compactly

packed aggregates (Fig. 4). The second

type is a set of diffraction patterns from

aggregates with larger dimensions, i.e.

smaller OS ratios, than the first type

(Fig. 5).

Figs. 4(a), 4(b) and 4(c) show exam-

ples of PR calculations for the diffrac-

tion patterns from aggregates of three,

five and six gold colloidal particles,

respectively. The diffraction patterns

were recorded without the saturation of

detector pixels around the beam stop.

Failed PR runs gave maps composed of

densities of particles with unclear edges

or lacking particle images. Successful

PR runs gave maps composed of parti-

cles separated clearly. The Tj scores

were different between the successful

and failed runs. The Tj scores were

predominantly in the range 0.1–0.3 for

the maps from the successful runs, while

those of the failed runs were 0.2–0.5.

For automatically extracting maps of

successful runs, the threshold of Tj

scores is set at 0.2 to discriminate safely

between successful and failed runs.

When using the threshold value, the

averaged electron density maps

displayed clear densities of gold

colloidal particles, and then the stan-

dard deviations were less than 0.5% of

the maximum density value.

Figs. 4(d), 4(e) and 4( f) show PR

calculations for diffraction patterns

from aggregates of three, seven and six

gold colloidal particles, respectively.

In contrast to the diffraction patterns

in Figs. 4(a)–4(c), the patterns missed

small-angle regions due to the satura-

tion of detector pixels. The Tj scores of maps from successful

runs were in the range 0.1–0.3, while those from failed runs

were predominantly 0.2–0.6. When the threshold of Tj scores

is set at 0.2, maps from successful runs could be distinguished

from failed runs. Then, the averaged density maps clearly

present the images of aggregates with standard deviations

from the average of less than 0.5%. Although a small number

of maps from failed runs with the Tj scores less than 0.2 are

included in the averaging, the influence on the averaged maps

and the standard deviation was very small.

To further examine the practical feasibility, the protocol was

applied to diffraction patterns from specimens composed of

gold colloidal particles distributed in large areas (Fig. 5 and

Table 1). The particles in large areas gave fine interference
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Figure 4
Application of the Tj analysis to diffraction patterns from various aggregates of compact arranged
gold colloidal particles. Each panel shows the diffraction pattern (left), the Tj values of 1000 PR
maps (middle) and a set of the averaged map and the standard deviation map (right). Tj values from
successful and failed runs are indicated by blue and red dots, respectively. The average map is
calculated from maps with Tj values smaller than 0.2. The scale bar indicates 600 nm. The statistics
of diffraction patterns and phase-retrieved electron density maps in panels (a)–( f ) are summarized
in Table 1.



patterns with small OS ratios. Thus, the diffraction patterns

would give the opportunity for more severe examination of

the protocol than those in Fig. 4. The Tj scores of maps from

successful runs were predominantly in the range 0.1–0.4, while

those from failed runs were 0.2–0.8 except a small number of

maps with scores less than 0.2. The success of PR calculations

likely depended on the size of the area to be retrieved. The

numbers of failed runs for diffraction patterns from particles

distributed within 1.3 mm were 200–400 [Figs. 5(a)–5(d)] and

Table 1], while the numbers exceeded 600 for diffraction

patterns from particles separated by more than 1.6 mm

[Figs. 5(e), 5( f) and Table 1].

The tendencies in the distribution of

Tj scores suggested that the threshold

level of 0.2 for Tj scores is likely suitable

to discriminate between most of the

successful and failed runs. Although a

small number of maps from failed runs

were extracted in Figs. 5(c)–5( f) under

the discrimination level, their influence

on the averaged maps was negligible.

The averaged electron density maps

were composed of particles with stan-

dard deviations of less than 0.8% of the

maximum density.

From the structure analyses for the 12

experimental diffraction patterns with

a variety of intensity, Poisson noise, OS

ratios and the arrangements of gold

colloidal particles (Figs. 4 and 5), Tj of

0.2 was likely suitable as a threshold to

discriminate between successful and

failed runs. A small number of maps

from failed runs having Tj scores of less

than 0.2 are also extracted. However,

the maps contribute little to the average

maps and the standard deviations. In the

following sections, the protocol and the

discrimination level for the similarity

scores were examined further by

applying to diffraction patterns from

complicated specimens.

4.2. Similarity score of the second type

The threshold for the Tj score is

useful for extracting correct maps as

demonstrated in Fig. 4. However, it is

difficult to deny the possibility that a

map from a failed run rarely displayed

the best N0.5 value as shown in Fig. 5.

When such a map is selected as the

reference, Tj scores are distributed

around 0.5, and scores smaller than 0.2

are rare (Table 1). Consequently, we

introduced another score evaluating the

similarity by exchanging the reference

maps sequentially starting from the best

map to maps with lower N0.5 values as

Tij ¼
X
x;y

����i x; yð Þ � �j x; yð Þ

���
.X

x;y

����i x; yð Þ þ �j x; yð Þ

���; ð3Þ

where �i x; yð Þ is the density value of the reference map, and

�j x; yð Þ is that of the other map. We searched for the reference

map that gave Tij scores smaller than 0.2 most frequently.

Through the application of the protocol to diffraction patterns,

where the best maps are accidentally extracted from failed

runs, we found that the maps from successful runs were

included in the maps with the 100 highest N0.5 scores.
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Figure 4 (continued)
Application of the Tj analysis to diffraction patterns from various aggregates of compact arranged
gold colloidal particles. Each panel shows the diffraction pattern (left), the Tj values of 1000 PR
maps (middle) and a set of the averaged map and the standard deviation map (right). Tj values from
successful and failed runs are indicated by blue and red dots, respectively. The average map is
calculated from maps with Tj values smaller than 0.2. The scale bar indicates 600 nm. The statistics
of diffraction patterns and phase-retrieved electron density maps in panels (a)–( f ) are summarized
in Table 1.



In the case of the diffraction pattern shown in Fig. 6(a),

which came from an aggregate composed of colloidal particles,

the Tj values for the best map are greater than 0.5. The

reference map of the 33rd highest N0.5 score gave Tij scores

smaller than 0.2 for approximately 200 maps, with Tij scores

for the maps from failed runs being larger than 0.3 (Table 1).

The average map gave a clear image of five gold colloidal

particles with small standard deviation from the average.

Fig. 6(b) demonstrates another example, in which the Tij

score is used to find maps from successful runs. The Tj scores

using the best map as a reference were in the range 0.4–0.6,

indicating that the best map came from a failed run. The map

with the 15th highest N0.5 score gave the largest number of

maps (approximately 200) with Tij

scores smaller than 0.2 (Table 1). The

average map was composed of a

compactly packed aggregate of seven

colloidal particles accompanying an

additional separate particle. These two

examples indicate the potential of the

Tij scores for finding maps from

successful runs, even when the best

maps were selected from failed runs.

4.3. Application to biological
non-crystalline particles

Because biological specimens, which

are composed of light atoms, have total

scattering cross sections for X-rays

smaller than those of aggregates for

gold colloidal particles, the diffraction

patterns of biological specimens are

characterized by a weak intensity. As

reported in our previous simulation

studies, the PR calculation using the

HIO and SW algorithms are affected by

Poisson noise (Kodama & Nakasako,

2011) and the electron density contrast

(Oroguchi & Nakasako, 2013). There-

fore, the number of successful PR runs

would be smaller than those for metal

particles, and then the Tij score would

be more effective in searching maps

from successful runs.

For the diffraction pattern from an

isolated chloroplast of Cyanidioschyzon

merolae (C. merolae) [Fig. 7(a)]

(Takayama et al., 2015b), PR maps were

divided roughly into two groups:

approximately 70% of the maps with Tij

scores in the range 0.2–0.3, and the

other maps with scores in the range 0.4–

0.7. An average map calculated from

those with Tij scores smaller than 0.2

appears as an annular shape with four

prominent peaks. This map is similar to

the most probable map, which is selected by the previously

reported multivariate analysis against 1000 PR maps (Seki-

guchi et al., 2016).

Another example is an isolated nucleus from budding yeast

at the G2/M phase in the cell cycle [Fig. 7(b)]. Similar to the

chloroplast case, the PR maps were divided into two groups

with respect to the Tij scores. Approximately 25% of maps

have Tij scores smaller than 0.2. The average map calculated

from those with the Tij scores smaller than 0.2 is super-

imposable on the map selected as the most probable support

in the previous study (Oroguchi et al., 2015).

These results suggest the possibility that PR maps

displaying Tij scores smaller than 0.2 are candidates for being
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Figure 5
Application of the Tj analysis to diffraction patterns from gold colloidal particles sparsely
distributed or forming a large aggregate [panels (a)–( f )]. Each panel shows the diffraction pattern
(left), the Tj values of 1000 PR maps (middle) and a set of the averaged map and the standard
deviation map (right). Tj values from successful and failed runs are indicated by blue and red dots,
respectively. The average map is calculated from maps with Tj values smaller than 0.2. The scale bar
indicates 600 nm. The statistics of diffraction patterns and phase-retrieved electron density maps in
panels (a)–( f ) are summarized in Table 1.



the most probable maps. This point will be discussed later by

comparing the results of the present protocol with those of the

previously reported protocol.

5. Discussion

In this study, we propose a protocol for extracting maps from

successful runs in PR calculations of diffraction patterns in

CXDI. In the protocol, we introduced a FOM to parameterize

the variation of phase values in PR calculations and similarity

scores as indicators to efficiently identify maps from successful

runs. Here, we compare the results with those obtained

using the previously proposed proto-

col incorporating the multivariate

analysis.

5.1. Feasibility study of the proposed
protocol by using experimental data

We reported several simulation

studies on PR procedures in CXDI

(Kodama & Nakasako, 2011; Oroguchi

& Nakasako, 2013; Kobayashi et al.,

2014; Takayama et al., 2015a; Yoshi-

dome et al., 2015). In those simulation

studies, calculation conditions are

limited to the variation of incident

intensity and a small number of struc-

tural models. In simulation studies, PR

maps can be classified into several

groups by monitoring the degree of

similarity to a structure model as done

in our previous study (Kobayashi et al.,

2014). However, CXDI experiments are

requested to visualize the structures of

specimen particles, and therefore we

propose the protocol to extract only

correct maps from successful runs.

For this purpose, diffraction patterns

from gold colloidal particles are advan-

tageous for identifying correct maps

from successful runs and are suitable for

defining the threshold level of similarity

scores for the practical application of

the protocol. In addition, diffraction

patterns from gold colloidal particles

are varied with respect to structure,

intensities, missing small-angle regions,

Poisson noise and OS ratios. To examine

the practical feasibility of the proposed

protocol, diffraction patterns from

dispersed gold colloidal particles can

provide a variety of specimens rather

than those from simulation models

under limited conditions.

5.2. Benefit of the protocol

To date, various types of PR algorithms have been proposed

to obtain the most probable maps from the PR calculations

(Fienup, 1982; Elser, 2003; Luke, 2005; Chen et al., 2007;

Rodriguez et al., 2013). Under current standard methods, PR

maps that have similar shapes to images obtained by trans-

mission electron microscopy and/or light microscopy are

extracted and averaged as the most probable maps. In our

recent XFEL-CXDI experiments, a large number of diffrac-

tion patterns were collected in a short period of time. Subse-

quently, maps from successful calculations were found to be
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Figure 5 (continued)
Application of the Tj analysis to diffraction patterns from gold colloidal particles sparsely
distributed or forming a large aggregate [panels (a)–( f )]. Each panel shows the diffraction pattern
(left), the Tj values of 1000 PR maps (middle) and a set of the averaged map and the standard
deviation map (right). Tj values from successful and failed runs are indicated by blue and red dots,
respectively. The average map is calculated from maps with Tj values smaller than 0.2. The scale bar
indicates 600 nm. The statistics of diffraction patterns and phase-retrieved electron density maps in
panels (a)–( f ) are summarized in Table 1.



automatically extracted more reliably without information

from other microscopic observations.

In the previous study, we proposed a protocol to provide

opportunities for more objective assessment of PR maps

by using the multivariate analysis (Sekiguchi et al., 2016).

Although the protocol is useful for suggesting PR maps from

successful PR calculations, it requires

manual inspections of the results from

multivariate analyses. In contrast, the

protocol proposed in this study can

suggest maps from successful PR

calculations without manual inspection.

Therefore, this protocol is suitable for

automatically and efficiently extracting

maps from successful calculations.

Because the diffraction apparatus

allows us to collect a large number of

diffraction patterns within a short

period of time, the automatic extraction

without time-consuming inspections

provides benefits in structure analyses

in CXDI.

5.3. Tendencies in PR calculations
and PR maps

In the structure analysis for the

diffraction patterns of gold colloidal

particles, the N0.5 parameter and the

similarity scores are useful for

extracting correct maps (Figs. 2, 4, 5 and

6), even when more than 70% of the PR

calculations fail (Fig. 6). In the structure

analyses of biological specimens, the

protocol allows us to pick up candidates

for maps from successful runs (Fig. 7).

These results for the extraction of maps

from successful runs suggest the

following tendencies in the variation of

phase values in PR calculations and the

similarities among PR maps.

As speculated in the Introduction, we

firstly confirmed the tendency for phase

values in successful PR calculations to

converge around certain values in the

early stages of the PR cycles, which are

almost retained until the end of the

cycles [Figs. 1(b) and 2(a)]. In contrast,

in failed calculations, phase values vary

cycle-by-cycle until the end of the PR

cycles, probably because incorrect maps

are likely modified by the real-space

constraints to give different values of

the phase set from those before.

Second, the maps from successful PR

calculations were found to resemble

each other, as indicated by the similarity

scores, but were different from almost all maps from failed

calculations (Figs. 2–6). In addition, maps from failed calcu-

lations are mutually different as characterized by the similarity

scores (Fig. 6). This tendency of the similarity scores is

important to distinguish between maps from successful and

failed calculations (Figs. 2–7). Third, when a map that has a
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Figure 6
Application of the Tij analysis for diffraction patterns from aggregates of gold colloidal particles.
Each panel, from top to bottom, shows the diffraction pattern, the Tj values of PR maps, the Tij

values for a reference map giving the largest number of maps with Tij values smaller than 0.2, and
the average map with the standard deviation. The Tj and Tij scores from successful and failed runs
are indicated by blue and red dots, respectively. The statistics of diffraction patterns and phase-
retrieved electron density maps in panels (a) and (b) are summarized in Table 1.



density distribution close to the true

value is used as a reference in the

analysis of similarity scores, the number

of maps with scores less than 0.2

becomes largest in the Tij analysis

conducted by exchanging the reference

map (Figs. 2–7).

The number of correct or probable

maps appearing in 1000 PR calculations

depends on the intensities, OS ratios

and the areas of detector saturation

in the diffraction patterns. When a

specimen particle with a large scattering

cross section gives a diffraction pattern

with a large OS ratio, a number of

successful runs appear in the PR calcu-

lation. Subsequently, the Tj scores are

useful in extracting correct maps (Figs. 4

and 5). In contrast, for diffraction

patterns with small OS ratios (Fig. 6)

and biological specimens with small

scattering cross sections (Fig. 7), the Tij

analysis is better for searching for maps

from successful calculations.

5.4. Relationship between similarity
analysis and multivariate analysis

In the previous study, we proposed a

protocol to suggest the most probable

maps among 1000 PR maps by using the

multivariate analysis (Sekiguchi et al.,

2016). The distribution of PR maps in

the multidimensional image space is

visualized in the plane spanned by the
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Table 1
Statistics of diffraction patterns and phase-retrieved electron density maps.

Specimen
Diffraction
pattern Csym†

Smax

(nm)‡

Approximate
dimension
(mm)

No. of
successful
runs

hTji for
successful
runs

No. of
failed
runs

hTji for
failed
runs

No. of runs with
support out of
convergence

Gold colloid Fig. 1(a) 0.90 21.5 1.1 487 0.12 503 0.32 10
Fig. 4(a) 0.96 18.8 0.7 963 0.19 34 0.38 3
Fig. 4(b) 0.85 29.5 0.8 735 0.20 57 0.43 208
Fig. 4(c) 0.91 26.9 1.0 526 0.14 323 0.31 151
Fig. 4(d) 0.92 19.2 0.8 770 0.17 330 0.37 0
Fig. 4(e) 0.92 24.1 1.0 808 0.12 108 0.30 84
Fig. 4( f ) 0.85 11.6 1.0 693 0.13 307 0.25 0
Fig. 5(a) 0.88 20.1 1.1 692 0.29 308 0.55 0
Fig. 5(b) 0.86 24.2 1.3 831 0.16 169 0.70 0
Fig. 5(c) 0.86 20.4 1.2 829 0.17 164 0.28 7
Fig. 5(d) 0.90 6.5 1.1 633 0.24 347 0.47 20
Fig. 5(e) 0.92 10.3 1.7 340 0.21 646 0.58 14
Fig. 5( f ) 0.90 7.9 1.6 388 0.23 599 0.41 13
Fig. 6(a) 0.86 27.8 1.5 245 hTiji = 0.20 745 hTiji = 0.46 10
Fig. 6(b) 0.89 11.7 1.5 220 hTiji = 0.21 773 hTiji = 0.44 7

Chloroplast Fig. 7(a) 0.82 29.0 1.2 hTiji = 0.42
Nucleus Fig. 7(b) 0.83 18.3 1.2 hTiji = 0.33

† The Friedel symmetry of a diffraction pattern is evaluated using the following correlation: Csym = (E�O)/(E + O), E =
P

x;y[I0(x, y) + Isym(�x,�y)]2, O =
P

x;y[I0(x, y)� Isym(�x,�y)]2

where I0(x, y) is the diffraction intensity in the region of interest with 100� 100 pixels and Isym(�x,�y) is the diffraction intensity of the Friedel mate. For a diffraction pattern with ideal
Friedel symmetry, the Csym value is 1. ‡ Maximum resolution is defined as the highest-resolution shell including at least two detector pixels with more than four photons.

Figure 7
Application of the Tij analyses for the diffraction patterns of (a) a chloroplast of C. merolae and (b) a
nucleus of budding yeast. Each panel shows the diffraction pattern (left), the Tij values for a
reference map giving the largest number of maps with Tij values smaller than 0.2 (middle), and the
average map compared with the map estimated by the multivariate analysis (Oroguchi et al., 2015;
Sekiguchi et al., 2016) (right). The scale bar indicates 500 nm.



two lowest principal components (PCs). In this regard, it is

interesting to inspect where the maps extracted by the present

protocol are distributed in the plane (Fig. 8).

The maps retrieved from Fig. 1(a) are classified into three

clusters on the PC plane. The correct maps with Tj scores

smaller than 0.2 are distributed on cluster I, which was the

most probable in the previous study [Fig. 8(a)]. Regarding a

chloroplast of C. merolae, the PR maps are divided roughly

into three clusters on the PC plane. The PR maps composing

dense cluster I have shapes and sizes smaller than those

known in optical microcopy, and then the central part of

cluster II is selected as the most probable in the previous

study. The maps displaying Tij scores smaller than 0.2 are

located in the center of cluster II. The PR maps of a nucleus

isolated from budding yeast are distributed in clusters I–IV in

PC planes [Fig. 8(c)], and then the most probable maps are

extracted from cluster I. The maps that display Tij scores

smaller than 0.2 are distributed within the cluster. These

comparisons suggest that maps with Tij scores smaller than 0.2

can be treated as the most probable maps.

The PR calculation searches sets of maps with the most

adequate values of all the pixels to explain a diffraction
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Figure 8
Two-dimensional plots illustrating where the maps with similarity scores smaller than 0.2 are distributed in the plane spanned by the first and second PCs,
predominantly explaining the variance in 1000 PR maps, regarding the PR calculations for the diffraction patterns from (a) gold colloidal particles
[Fig. 1(a)], (b) a chloroplast of C. merolae [Fig. 7(a)] and (c) a nucleus of budding yeast [Fig. 7(b)]. In each plot, the positions of PR maps are indicated by
black dots. The red dots indicate the positions of maps with similarity scores smaller than 0.2 projected on the plane. The representative maps of the
clusters appearing by the PCA are shown. The cyan background indicates the cluster selected as the most probable maps in the previous studies
(Oroguchi et al., 2015; Sekiguchi et al., 2016). The scale bar indicates 500 nm.



pattern. The principal component analysis (PCA) used in the

previous study determines a small number of principal

components that describe the major variance among maps

with a minimal loss of information. However, the PCs with

large eigenvalues are insensitive to the variation of electron

densities in individual pixels. In contrast, the similarity score,

which is the normalized version of the Manhattan distance

(Faith et al., 1987), is sensitive to pixel-by-pixel variation.

The landscape regarding the distribution of PR maps in the

multidimensional image space is described by the similarity of

PR maps to the true map (Fig. 9). Taking the results from

multivariate analyses (Fig. 8), the landscape illustrated by PCs

is composed of smooth basins. Consequently, differences

between PR maps in the same basin are difficult to distinguish.

In contrast, when the landscape is illustrated by using the

similarity score, PR maps from failed calculations differ from

each other as indicated by their large Tj values (Fig. 6),

suggesting that the landscape described by the similarity

scores are significantly rugged. In addition, the small Tj values

for maps from successful calculations suggest their similarity

and localization in the multidimensional space. Although the

shapes and sizes of basins in a rugged landscape observed

using the similarity scores probably depend on the signal-to-

noise ratio, oversampling ratio and the size of the small-angle

area missing the diffraction pattern (Table 1), the similarity

score is still useful for finding maps from successful PR

calculations.

5.5. Threshold levels of FOM and Tj scores

In the present study, we counted pixels in diffraction

patterns with a FOM larger than 0.5 in order to find the most

probable or correct maps (Figs. 2 and 3). This threshold for the

FOM was tentatively defined through the application of the

proposed protocol for a number of diffraction patterns. In the

experimental determination of phases by single-particle cryo-

electron microscopy (Rosenthal & Henderson, 2003) and

X-ray protein crystallography (Lunin & Woolfson, 1993;

Perrakis et al., 1997), the averaged FOM of phase sets less than

0.5 is used as a major index to examine whether the obtained

maps are interpretable. However, in contrast to the FOM in

these techniques, large FOM values in the entirely computa-

tional PR calculations only suggest that the PR calculations

converge into global or local minima. Therefore, as demon-

strated in Fig. 6, maps in failed runs were accidentally

extracted as the best map.

For the similarity scores, we applied a threshold of 0.2 to

extract the correct electron density maps through the appli-

cation of the protocol. This is most likely due to the char-

acteristics of the rugged landscape of PR maps in the

multidimensional space; similarity scores play a role in finding

incorrect extractions of the best map by the FOM (Fig. 6).

Since the minimum values and variation of the scores depend

on the intensity, speckle size and the missed small-angle

region, the threshold value would be better to accommodate

the characteristics of the diffraction patterns.

Regardless, the threshold values of the FOM and similarity

scores may be refined through the application of the protocol

to various types of diffraction patterns in the future.

5.6. Future prospects

In this study, the FOM value calculated from all the phase

sets that appeared in a single PR run was used to quantify

phase variations. As seen in Fig. 1(c), the phase sets in

successful runs often converged in the early stage of the

iterative PR calculations. Subsequently, introducing on-the-fly

monitoring criteria for the phase variations to confirm the

convergence during PR runs would enable us to terminate

calculations immediately after confirming success in retrieving

correct electron density maps. This on-the-fly analysis might

dramatically reduce computational costs. Moreover, moni-

toring criteria for the converging speed of retrieved phases

would be a useful tool for evaluating the performance of

various PR algorithms.

Since the introduced Tj score can sensitively evaluate the

similarity between PR maps, Tj can contribute to the selection

of the most probable maps among those with the same overall

shapes resulting from high-resolution PR calculations with

input of a fixed support area (Sekiguchi et al., 2016). If high-

resolution PR calculations are also automated, throughput of

XFEL-CXDI structure analyses would be greatly improved

and the analyses could come into use for nonprofessional

users.
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