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Dose-efficient in vivo X-ray phase
contrast imaging at micrometer
resolution by Bragg magnifiers:
supplemental document

1. MATERIALS AND METHODS

Bragg magnifier setup and characterization measurements The Si crystals (Crystal Scientific (UK)
Ltd, Alnwick, United Kingdom) have dimensions of 21 cm x 8 cm x 2 cm and an asymmetry angle
specified to be 5.92(2)°, yielding a physical input field of view (FOV) of 0.3 mm x 0.3 mm to
1.5 mm x 1.5 mm, depending on the magnification, and an output FOV of 45 mm x 45 mm. Each
crystal is precisely aligned with respect to the synchrotron X-ray beam using a high-precision
hexapod (Physik Instrumente (PI) GmbH & Co. KG, 76228 Karlsruhe, Germany). The Lambda SPCD
(X-Spectrum GmbH, 22547 Hamburg, Germany) has a GaAs sensor of 500 µm thickness bonded to
a 6 x 2 Medipix3RX chip array with a pixel size of 55 µm [1], operated in single-pixel mode at
6 keV threshold. We expect that the efficiency of the BM system would even further benefit by
measuring in charge-summing mode for suitable photon fluxes. Fig. S1E shows a photograph of
the setup. The reflectivity of a single Si crystal was measured to be 96.5(6) % (theoretical value:
97.4 %). The asymmetry angles were determined experimentally to be 5.928(8)° and 5.916(9)°. The
small deviations cause a slight difference in the magnification factor in the horizontal and vertical
direction. This can also be found from a detailed analysis of the data shown in Fig. 2E, where the
magnifications are Mx = 26.5 and My = 26.0 (theoretical: M = 26.3) as well as Mx = 171 and
My = 160 (theoretical: M = 163) at 29.05 keV and 31.07 keV, respectively. Horizontal and vertical
propagation distances were zx = 0.22 m and zy = 0.60 m. For the resolution measurement at
31 keV, holograms of a test pattern (model X500-200-16, Carl Zeiss Microscopy GmbH, 07745 Jena,
Germany) were acquired at ten propagation distances with zx = 0.15–0.41 m and zy = 0.53–0.79 m.
Multidistance phase reconstruction was performed with the HoloTomoToolbox [2]. The parameters
used for the reconstruction are a ratio of β/δ = 10−1.33 (gold), where β is the imaginary part
of the refractive index, and regularization parameters of αlow-freq = 0 and αhigh-freq = 10−1 for
low and high spatial frequencies, respectively. The different horizontal and vertical propagation
distances were taken into account [3], which is facilitated by the HoloTomoToolbox. Using the 220
reflection of Ge crystals with α = 5.66◦, the resolution can be further increased by a factor of 2
due to their larger Darwin width at the expense of a decreased total reflectivity to nominally 63 %,
see also Fig. S1C.

Indirect detector system The indirect detector system consists of a 12 µm thick LSO:Tb scintilla-
tor [4], a diffraction-limited optical microscope (Optique Peter, 69210 Lentilly, France, 10x objective
lens with numerical aperture of 0.28, model 378-803-3, Mitutoyo Deutschland GmbH, 41469 Neuss,
Germany, and 180 mm tubus lens resulting in 9x total magnification [5]), and a pco.edge 5.5
CMOS camera (PCO AG, 93309 Kelheim, Germany) with a physical pixel size of 6.5 µm x 6.5 µm,
yielding an effective pixel size of 0.72 µm. The pco.edge camera shows a readout noise of 3 counts
(root-mean-square) per pixel. This corresponds to ∼ 4 X-ray photons incident on the indirect
system, meaning that for more than ∼ 16 incident X-ray photons per pixel the photon shot noise
is the dominant noise source.

Experimental comparison between the BM and the indirect system Comparing the imaging perfor-
mance of the BM system with the indirect system (Fig. 3), images of a Siemens star (Fig. 3A and
Fig. S2) were acquired at ten propagation distances with z = 0.15–0.41 m for the indirect system
and zx = 0.15–0.41 m and zy = 0.53–0.79 m for the BM system. The energy was set to 30.5 keV
so that the effective pixel sizes of the BM system (0.72 µm horizontally and 0.66 µm vertically)
are similar to the indirect system. First, the images were acquired at the same X-ray fluence
(6 · 103 ph/µm2 per frame), then the flux for the indirect system was increased by a factor of
∼ 7 to compensate for its lower detection efficiency. The X-ray fluence was determined using



the SPCD. Unfortunately, at four propagation distances, the test pattern slightly moved out of
the FOV of the BM. Therefore, we decided to complete the data of the missing pixel rows by
duplicating the corresponding pixel rows from the opposite side of the image (4 % of the overall
data set). For details, see the publicly available data. For the phase reconstruction, raw images
acquired with the BM system were flatfield-corrected. Raw images of the indirect system were flat-
and darkfield-corrected. In all images, hot pixels were removed by interpolation. Multidistance
phase reconstruction was performed with the HoloTomoToolbox [2], again with β/δ = 10−1.33,
αlow-freq = 0, and αhigh-freq = 10−1. For the images shown in Fig. 3D, the incident beam was

attenuated by a factor of about 400 to 200 ph/µm2 and the exposure time was 67 ms. Propagation
distances were z = 0.22 cm for the indirect detector and zx = 0.22 m and zy = 0.60 m for the
BM system, and the tomograms were acquired with 1000 projections each. For automated data
acquisition, we used the control system Concert [6], and for the tomogram, data pre-processing,
Paganin phase retrieval [7] (again adapted to the different horizontal and vertical propagation
distances for the BM [3], and visually adjusting β/δ to 10−1.7 for the dried insect sample), and
tomographic reconstruction with filtered back-projection was performed with the tofu framework
[8].

Study specimens Eggs of the Angoumois grain moth (Sitotroga cerealella (Lepidoptera: Gelechi-
idae)) parasitized by Trichogramma cacoeciae (Hymenoptera: Chalcidoidea: Trichogrammatidae)
were obtained from Julius Kühn-Institute. Host eggs with parasitoids inside were incubated at
25 °C, 70 % relative humidity, under long-day conditions (16 h light: 8 h dark) until just before
hatching and then brought to room temperature. As Trichogamma cacoeciae is a thelytokous species,
all wasps are female.

Data acquisition and image processing for in vivo measurements The tomogram of a Trichogramma
wasp inside its host egg shown in Fig. 4A was acquired in vivo with 1000 projections and the
same imaging parameters as for Fig. 4B-F and Mov. S2 (see below), resulting in an estimated
total dose of ∼ 7 Gy. The amount of projections could be further reduced, e.g., using algebraic
reconstruction or neural networks [9, 10]. Also here, data pre-processing, phase retrieval [7],
and tomographic reconstruction was performed with the tofu framework [8], and the rendering
was done using Drishti [11]. For the radiographic in vivo measurements of Trichogramma wasps
inside their host eggs, the specimens were selected with a light optical microscope and scanned
individually in Eppendorf tubes. Since it is not possible to predict the time of emergence from
the outside, we used a dark discoloration of the egg shell as indication whether the wasp will
soon start to emerge. In total, 68 samples were chosen, from which six emerged during the
observation under radiation and three datasets of the full emergence process were acquired. The
observation was performed intermitted by radiation-free pauses to reduce the overall dose and
to catch the emergence phase. The total exposure time to X-rays of the emerging wasps varied
between 15–72 min with a total observation time of up to 2 h. The data shown in Fig. 4B-D
were acquired at 100 ph/µm2/frame, an image repetition rate of 15 Hz, propagation distances
of zx = 22 cm and zy = 60 cm, and a photon energy of 30.4 keV. At this energy, the spatial
resolution is 1.7 µm, the magnification is 64-fold and the complete insect fits into the FOV of
0.6 mm x 0.4 mm. The FOV is limited vertically by the size of the SPCD and horizontally by
the length of the crystal. The dose per frame is ∼ 7 mGy, and the total dose for Mov. S2 is
∼ 200 Gy. For the observation of mandible movement (Fig. 4E, F), Ge crystals were used at
30.5 keV and ∼ 1000 ph/µm2/frame with 15 Hz image repetition rate and a total dose of 90 Gy
for Mov. S3. To exploit the full information contained in the recorded image up to the resolution
limit, phase retrieval for all in vivo radiographic measurements was performed based on Tikhonov
regularization (NLTikh) [12] using the HoloTomoToolbox [2] (β/δ = 10−2.5, αlow-freq = 10−4.5,

αhigh-freq = 10−1) and again taking the different horizontal and vertical propagation distances
into account [3].
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2. CALCULATION OF OPTIMAL OPERATING ENERGIES FOR PHASE CONTRAST

IMAGING

In the main text, we discuss at which energy the highest SNR per dose can theoretically be
achieved for PB-PCI and soft tissue. Here, we explain how the curves in Fig. 1A, B are calculated.
The dose D is defined as the total energy Etot

abs deposited in the sample per mass m = ρdA, where
ρ is the sample density, d the sample thickness along the X-ray path, and A the irradiated area on
the sample. Using the Lambert-Beer law with the linear attenuation coefficient µ, the amount of
X-ray photons per unit area absorbed or scattered by the sample is given by [13]

nabs = n0 − ntr = n0 · (1 − e−µd), (S1)

where n0 is the amount of incident photons per unit area, i.e., the photon fluence, and ntr the
amount of photons transmitted through the sample. During the interaction process, in average
only a fraction of the primary X-ray photon energy E is transferred to the sample, which is
described by the energy absorption coefficient µen. The mean absorbed energy per interacting
photon is

Eabs =
µen

µ
· E.

Thus, the dose deposited in the sample is given by [13]

D =
Etot

abs

m
=

µen

µ

E

ρdA
· nabs · A =

µen

µ

E

ρd
n0 · (1 − e−µd). (S2)

Here, we assume that the probability to undergo an interaction process is low, such that multiple
scattering can be neglected. This assumption was verified by simulations for d = 1 mm using
the software toolkit Geant4 [14], taking into account multiple scattering. For µd < 1, i.e., high
energies or thin samples, Eq. S2 can be linearized and results in

D =
µen

ρ
· E · n0.

For low energies (E < 20 keV), where photoelectric absorption is the dominant interaction process
and where contribution from Compton scattering can be neglected, one finds µen ≈ µ ∝ E−x with
x ≈ 3. Consequently, D ∝ E−2 at low energies. In Fig. 1A in the main text, we show that the dose
curve at constant incident photon fluence flattens out for E > 20 keV due to Compton scattering
and reaches a minimum at 60 keV.
With increasing E, the phase shift imposed to X-rays when traversing a medium decreases as
well. The phase shift φ is proportional to δ · E, where 1 − δ is the real part of the complex index of
refraction [15]. Far from atomic resonances, it holds

δ =
reλ2ne

2π
=

reh2c2nw
e

2π

ne

nw
e ρ

︸︷︷︸

η

· ρ

E2
∝

ηρ

E2
,

where re is the classical electron radius, ne the electron density, λ the X-ray wavelength, h the
Planck constant and c the speed of light. Here, we introduce the electron density nw

e of water as
reference value and express ne via ρ and a material-dependent quantity η, which is approximately
constant [16]. A measure for the image quality and dose efficiency is the SNR. For PB-PCI and
weak phase objects, the signal S in the image is proportional to the phase, and thus S ∝ φ ∝ ηρE−1.
In total, we obtain the dependency

SNR ∝

ntr Apx · φ
√

ntr Apx
∝

√

ntr Apx · ηρE−1 = ηρ3/2

√

µ

µen

DdApx

E3

1

eµd − 1
, (S3)

where Apx is the pixel size of the detector. This equation was used to generate Fig. 1B in the main
text. In order to gain a better understanding for the energy regime where photoelectric absorption
is dominant (see above), we rewrite Eq. S3 and obtain

SNR ∝ ηρ3/2

√
√
√
√

DApx

1 +
µd
2 +

(µd)2

6 + . . .
.
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Here, we see the relevant dependencies of the SNR in this energy regime. For a given dose, the
SNR becomes constant in energy when the X-ray energy is high enough (µd < 1) so that most of
the incident photons pass the sample. For even higher energies where Compton scattering comes
into play, the SNR decreases (see Fig. 1B in the main text).
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3. EXPERIMENTAL EVALUATION OF GAIN IN DQE

In the following, we describe in more detail the experimental evaluation of the gain G(q) in
DQE of the BM compared to the indirect system over spatial frequency q shown in the main
text in Fig. 3C. Following Eq. 1 in the main text, we determine G(q) by evaluating SNR2(q) of
both systems at the same dose and energy (Fig. 3B). For ten propagation distances, we record
at each distance in quick succession 50 sample images of a Siemens star test pattern as well as
50 flatfield images. For precise determination of the noise, we subtract two subsequent flatfield

images to eliminate inhomogeneities in the flatfields. The resulting additional factor of
√

2 in
the noise (Gaussian error propagation) is taken into account for the further evaluation. From
the resulting 25 images, we compute the Fourier transform and obtain the noise N(qx, qy) by
determining the standard deviation of the 25 images for each qx, qy. For the indirect system, N is
corrected for the readout noise of the camera, extracted from 50 darkfield images (without X-ray
illumination). We subtract the flatfields from the sample images at each propagation distance
to remove inhomogeneities. For phase contrast imaging, strictly speaking neither division [17]
nor subtraction provides perfect correction. Since we find that for our case subtraction works
equally well as division for the removal of inhomogeneities, we decided to use subtraction here
due to the simpler error propagation. We determine the complex measured signal Sm(qx, qy)
in Fourier space by averaging over all 50 sample images. Note that due to the averaging, Sm

can be determined below the noise floor of a single image. To be precise, the variance of the
averaged measured signal is N2/25. The spectral density S2 of the signal S(qx, qy) can then be

determined by S2 = S2
m − N2/25. Next, we compute the azimuthal average of the energy density

S2(q) and squared noise N2(q) emitted into spatial frequencies with radius q. Finally, we obtain
SNR2(q) = S2(q)/N2(q) for each propagation distance. The procedure has been verified on
artificial data. In Fig. 3B, we averaged the SNR(q) over all ten propagation distances.

As mentioned in the main text, the BM system has a larger propagation distance in vertical
direction. Here, we want to compare both systems independently of the free space contrast
transfer function [15]. For the calculation of the DQE ratio, we therefore perform a small correction
by simulating holograms of the Siemens star test pattern for both imaging systems and for each
propagation distance. Using the measured incident photon fluence, we simulate 50 sample and
50 flatfield images and follow the procedure as described for the measured data above in order to
obtain the ideal input SNR2

BM,sim and SNR2
ind,sim. For the sake of clarity, we omit the index 0 in

the notation of the input SNR0. The simulation was performed for the ideal case of no source blur
and an ideal OTF(q) = 1. We create the sample numerically and simulate the propagated image
intensity using the full free space propagator for the indirect system [15] and the shift-variant
propagator based on Refs. [3, 18] for the BM system, though shift-variance does not have a
visible effect here. We include oversampling, padding, and then binning and cropping to prevent
aliasing. The simulation takes into account the different horizontal and vertical propagation
distances zx and zy of the BM system and the slightly different magnifications Mx and My as well
as the slight discrepancy in the pixel areas of both systems. Note that for clarity in Fig. 3B in the
main text, we show only the simulated SNR for the propagation distances of the BM system. The
simulated SNR curves for both systems are shown in Fig. S2. The gain in DQE is given by

G(q) =
SNR2

BM(q)

SNR2
ind(q)

·
SNR2

ind,sim(q)

SNR2
BM,sim(q)

,

where SNR2
BM and SNR2

ind are extracted from the experimental data of the BM or indirect system,

respectively. The correction SNR2
ind,sim(q)/SNR2

BM,sim(q) reduces the spread in G(q) (green
points in Fig. 3C in the main text).
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5. ADDITIONAL INFORMATION ON THE DETECTOR COMPARISON

A. Siemens star measurements

For the experimental comparison, we recorded propagation-based phase contrast holograms of
a Siemens star test pattern at ten propagation distances. Fig. S2 shows an extended version of
the experimental data depicted in Fig. 3A in the main text. The corresponding simulations of the
input wavefield were performed for perfect coherence and an ideal OTF(q) = 1, i.e., excluding
influence by the BM crystals or the magnifying optics of the indirect system. Examples of the
simulations are shown in the first column of Fig. S2, and the resulting simulated and averaged
SNR for both systems is given as well. These curves were used for the experimental evaluation in
Fig. 3C in the main text. The different horizontal and vertical propagation distances for the BM
system were taken into account in the simulations [3]. The images with the indirect system were
first acquired at the same photon intensity as the images with the BM and second at seven times
higher flux to compensate approximately for the lower X-ray detection efficiency of the indirect
system. Even for the increased intensity (third row), the contrast in the indirect system is strongly
suppressed compared to both the simulation and the experimental images of the BM system.
As discussed in the main text, this can be attributed to the OTF of the indirect system, which
increasingly suppresses the contrast transfer with increasing spatial frequencies q. The image
distortion by the OTF as well as by source blur can partially be removed by deconvolution [20–25].
For the BM system, the OTF is close to unity until the resolution limit, which is why no OTF
correction is needed. The reconstructed values correspond to the expected phase shift of −0.8 rad
(1.4 µm gold layer). For the indirect system, source blur can be neglected in comparison to the OTF
of the microscope (cf. experimental SNRBM vs. SNRind in Fig. 3B). Neglecting minor aberrations
by the finite thickness of the scintillator, we use the incoherent OTF of an ideal lens, given by

OTF(ν) =
2

π

(

arccos |ν| − |ν|
√

1 − ν2
)

with ν = q/qmax and qmax = 2NA/λoptical [26]. Furthermore, NA = 0.28 is the numerical
aperture of the microscope and λoptical = 550 nm the wavelength of the scintillating light. The
OTF correction is performed before phase retrieval by dividing the Fourier transform of the
experimental images by the OTF. As discussed in the main text, the spread in energy deposition
further degrades the transfer function of the scintillator, which explains the deviation of the
reconstructed values from the expected phase shift of −0.8 rad. These findings emphasize the
importance of correcting the indirect data for the total transfer function of the magnifying optics
if aiming for a quantitative reconstruction. On the downside, noise is amplified by this correction
as well.
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B. Comparison between 12 µm thick LSO and 50 µm LuAG scintillator

Under the same conditions as in Fig. 3B, C in the main text, we measured also the SNR(q) for
a 50 µm thick LuAG scintillator, which has an overall X-ray absorption of nominally 35 % at
30.5 keV. Despite the higher absorption, the SNR at q ≈ 0 is not increased. This might result from
the lower light yield of LuAG (25 photons/keV [27]) and thus increased noise during optical
conversion. Further, the SNR(q) decreases faster with increasing q, as expected from the finite
depth of field of the objective.

Fig. S3. Comparison between the 12 µm thick LSO scintillator and a 50 µm thick LuAG scintil-
lator, measured under the same conditions as in Fig. 3B, C in the main text.
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C. Optimization of indirect system

The presented experimental comparison was performed for a specific spatial resolution of 1.6 µm,
where both the indirect and the BM system have the same pixel size with respect to the sample.
The question arises whether the parameters for the indirect detector, namely the NA, scintillator
thickness and operating energy, can further be optimized and adjusted in dependence of the
sample thickness and the desired resolution. The value to be maximized is the normalized SNR2

as shown in Fig. 1B in the main text. This optimization is a rather complex problem, for which we
present an idealized upper estimate.

For each sample thickness, we calculate the theoretically achievable SNR2 over energy at
constant dose, assuming a perfect detector, and find its maximum for the normalization (see
green curves in Fig. 1B in the main text). Next, we compute the SNR2 that is maximally detectable
by the indirect system at the desired spatial resolution. Varying the NA determines the allowed
scintillator thickness. As a rule of thumb, the thickness t can be chosen relative to the depth of
field of the objective in the scintillator [28, 29]:

t ≈ x
λvis · n

NA2
,

where the refractive index n = 1.82 of the LSO scintillator is taken into account, and x is typically
chosen in the range of 1 to 2. Here, we show the results for x = 2. From the thickness, we
can determine for each NA the SNR2 in dependence of the energy, where we also include the
decrease by the OTF at the desired spatial resolution. For very low energies, we ensure that at
least three optical photons are detected per absorbed X-ray photon in order not to degrade the
X-ray statistics. The highest detectable SNR2 specifies the optimal NA and energy for each sample
thickness and desired resolution. Division by the maximum of the theoretical SNR2 determines
the normalized SNR2, i.e. the dose efficiency of the indirect system.

In Fig. S4A, we show the results of the optimization for different desired resolutions and sample
thicknesses. For high resolution, the NA should be chosen rather high instead of optimizing the
detection efficiency by increasing the scintillator thickness. This could be understood as follows:
increasing the OTF contributes linearly to the SNR, while the scintillator absorption enters with
the square root. In our experiment, it would probably have been beneficial to use a larger NA
of 0.4 rather than increasing the scintillator thickness. This would have increased the OTF by a
factor of 1.2 at q = 0.3 µm−1 and a factor of 1.6 at the desired resolution q = 0.6 µm−1. For lower
resolutions, it is beneficial to decrease the NA in favor of a thicker scintillator and better X-ray
statistics. The NA approaches a lower limit due to the collection efficiency of optical photons.

As mentioned in the main text, for thin samples (< 5 mm), the ideal operating energy for
the indirect system would be 11 keV. Even for this case and a larger NA, the dose efficiency
of the BM system would be one order of magnitude larger than for the indirect system at the
desired resolution. For higher resolution, e.g. using Germanium crystals with 0.6 µm achievable
resolution, the gain increases further, and liquid immersion would have to be used to reach such
high NAs in the indirect system. As mentioned above, the efficiency calculated here is only an
upper estimate, as we have also seen in our experiment. For example, the degradation of the OTF
by generation of secondary particles in the scintillator is not included [30].

We performed the calculations for an LSO scintillator and a soft tissue sample. We uploaded
the code in the Supplementary Material so that the interested reader can adapt the calculations
for other sample materials and thicknesses, resolutions or scintillator materials.
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7. ETHOGRAM OF A TRICHOGRAMMA CACOECIAE WASP EMERGING FROM ITS

HOST EGG

Table S1. Description of behaviors observed in the emergence process of the Trichogramma
cacoeciae wasp shown in Fig. 4B-D and Movie S2. Since the phase reconstructed radiographs
are 2D projections of the laterally lying wasp, it is not possible to specify whether the wasp
lays dorsally or ventrally towards the viewer. For each movement pattern and behavioral act,
the total time of occurence is listed and the relative proportion compared to the overall length
of the acquired image sequence (30 min) is mentioned. We would like to emphasize that the
values should be regarded as estimate because the wasp was already active at the beginning of
the recordings and radiation-free pauses were taken in between (see Section 1 - Materials and
Methods).

Movement Description Total observed Percentage (%)

pattern / duration

behavioral act (min:ss)

Static The wasp remains completely motionless 00:14 0.8

Stationary The wasp does not change its body position

along the anterior-posterior (AP) axis and 26:29 89.7

no locomotion is carried out except of the

head and legs

Turning The wasp turns its whole body along the 01:41 5.7

AP axis

Kicking Moves legs uncoordinatedly 02:23 8.1

Pushing Pushes legs against host egg shell 00:25 11.6

Stretching Elongates its whole body along the AP axis 01:32 5.2

by contracting its abdomen

Moving head Turns, tilts, elongates or moves head in a

pulling manner (excluding the head move- 07:46 26.3

ment caused by using the mandibles)

Biting Opens and closes its mandibles to cut a 28:40 97.1

hole into the egg shell

Investigating Moves antennae outside the host egg 01:34 5.3

Grooming Cleans bodyparts using the legs and 00:25 1.4

mouthparts

Walking The wasp walks outside the host egg 00:08 0.4

13



8. MOVIE CAPTIONS

Movie S1 Flatfield-corrected projection images of a TEM gold grid measured with the BM system
at different energies, showing variable magnifications. For details, see main text and Section 1
(Materials and Methods).

Movie S2 In vivo movie of a Trichogramma wasp emerging from its host egg. As it was not
possible to predict the time of emergence beforehand, the irradiation of the specimen was initially
interrupted by several irradiation-free pauses in order to keep the overall dose at a minimum. In
sequence 6 to 23, the setup experienced a slight drift, which was corrected after sequence 23 by
realigning the pitch angle of the crystals. More details are given in the main text and in Section 1
(Materials and Methods). Please note that the time-varying ‘cloudy‘ background pattern results
from the amplification of low spatial frequency noise by phase retrieval [31, 32].

Movie S3 In vivo movie of a Trichogramma wasp showing flexible movement of its mandibles.
More details are given in the main text and in Section 1 (Materials and Methods).
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