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X-ray imaging enables the study of morphodynamic and physiological processes in living organisms. However, the
required photon flux increases with the desired spatial resolution and with it the requirements for dose efficiency. We
realize full-field imaging at micrometer resolution close to the highest possible dose efficiency. This is achieved by com-
bining propagation-based phase contrast with Bragg crystal optics and a high- Z single-photon-counting detector, all
designed for X-ray energies that allow minimal dose for a given image quality. We prove the superior imaging perform-
ance compared to conventional systems and, in particular, show a substantial increase in dose efficiency for high spatial
frequencies that comprise the relevant high-resolution components of the image. We demonstrate the potential of the
technique by a behavioral i vive study of submillimeter-sized parasitoid chalcid wasps within their host eggs before
and during emergence. The findings show that the technique opens up new possibilities for dose-sensitive studies at
micrometer resolution, not only in life sciences but also in materials research. © 2023 Optica Publishing Group under the

terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

X-ray imaging is a powerful tool for non-destructive imaging of
internal structures in optically opaque samples. High-resolution
imaging enables visualization of the morphology of small organ-
isms, addressing biological and biomedical questions in a broad
range of fields [1-8], e.g., developmental biology [3,7] or func-
tional morphology [2,5]. In this context, also time-resolved 7 vivo
X-ray imaging has gained increasing interest [9-16]. However, the
fact that biological samples tolerate only a limited radiation dose
due to radiation damage is a major issue, especially in absorption-
based X-ray imaging and particularly for 7z vive studies. With
increasing resolution, the X-ray flux density has to be increased,
which further exacerbates the dose issue.

Significant efforts have been made to reduce the dose. The
most prominent approach is phase contrast imaging, revealing
phase changes of the X-rays penetrating through the specimen.
For light elements and thus in weakly absorbing soft tissues, phase
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variation dominates absorption by several orders of magnitude
[17]. Appropriate methods are propagation-based phase con-
trast (PB-PCI) [18-20] and differential phase contrast (DPCI)
imaging techniques [21-23]. While DPCI techniques are mainly
used in the medium resolution range of several to several hundred
micrometers [23,24], PB-PCI is usually the method of choice for
micrometer and sub-micrometer resolution. PB-PCI exploits the
coherent self-interference of the transmitted wavefield behind the
sample, which increasingly evolves into intensity contrast as the
propagation distance increases. The object information is extracted
from the recorded intensity patterns by suitable reconstruction
algorithms [19,20,25]. Taking advantage of the high flux density
and brilliance of modern synchrotron sources, high frame rates
at micrometer resolution have become feasible. However, only
very short time sequences of a few seconds to minutes could be
realized so far, limited by severe radiation damage of the biologi-
cal specimens [10-15]. In these in vivo studies, conventional
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Fig. 1.

Considerations for dose-efficient X-ray imaging. (A) Radiation dose absorbed in soft tissue as a function of X-ray photon energy F foran incident

photon fluence of 100 ph/um?. The black curves illustrate the X-ray transmission for soft tissue with thicknesses # = 1 mm and 4 = 10 mm. Attenuation
coefficients pu are taken from the NIST database [37]. (B) Normalized SNR? behind the sample for a given dose in soft tissue with 4= 1 mm and 4 =
10 mm. The green curves indicate the theoretical limit given by Poisson statistics (for details see Supplement 1). The orange and blue curves show the SNR?
achievable by an indirect system with a 12 pm thick LSO scintillator or a Si (220) BM system, respectively, omitting further possible losses in the specific
pixel-array detectors in use [34,38,39]. The asymmetry angle of the BM crystals was chosen for each energy to reach a resolution of 1.6 um. Attenuation
coefhicients of LSO are taken from the NIST database [37]. (C) Normalized incoherent OTF of the magnifying optics of the indirect system and normalized

coherent OTF of the Si (220) BM system at 30.5 keV with 1.6 pm resolution.

scintillator-based indirect detector systems have been used, which
are constrained by a trade-off between X-ray detection efficiency
and achievable resolution [26]. Alternatively, the X-ray image
can be magnified with a so-called Bragg magnifier [27-33] and
detected by an efficient large-area detector [34,35]. Although
previous studies note the increased X-ray detection efficiency
[30,32,36], the technique’s potential for high dose efficiency
remains unexplored. In particular, the superior detective quantum
efficiency (DQE) at high spatial frequencies, which is decisive for
dose-efficient high-resolution imaging, has not yet been consid-
ered and quantified experimentally in comparison to conventional
systems.

This study reports on the development and application of a
dose-efficient X-ray imaging system at micrometer spatial reso-
lution operating close to the highest possible dose efficiency for
PB-PCI. For this, we address the following aspects: (i) operating at
X-ray energies with minimal dose for a given signal-to-noise ratio
(SNR) and (ii) achieving high X-ray detection efficiency in this
energy range by using a high- Z single-photon-counting detecror
(SPCD) combined with the above-mentioned X-ray magnifying
crystal optics that (iii) exhibit uniform and nearly complete signal
transfer for all spatial frequencies up to the targeted micrometer
resolution. We confirm the increased imaging performance of the
developed system by comparison to a conventional scintillator-
based indirect detector system of similar resolution. We show an
increased DQE by up to two orders of magnitude at high spa-
tial frequencies for the targeted X-ray energies. The system thus
extends the current methodological limits of micrometer resolu-
tion 77 vivo X-ray imaging, enabling a reduction of radiation load
and prolongation of applicable exposure times. This opens up new
possibilities for studies ranging from tracking internal morphology
and morphodynamics to behavioral studies of organisms in hidden
environments. As a pilot in vivo application, we investigate the
behavior of tiny parasitoid wasps inside their host eggs, revealing
the morphodynamics before and during emergence from the eggs

over tens of minutes to hours.

2. RESULTS AND DISCUSSION
A. Considerations on Dose Efficiency

To begin with, we detail the above-mentioned aspects on how
to minimize the dose required for a desired image quality. First,
we consider the optimal X-ray photon energy E. The dose in the
sample scales with the number of incident X-ray photons and their
on average deposited energy. For soft tissue and a constant incident
X-ray fluence, the deposited dose is shown in Fig. 1(A) as a function
of E in the linear regime (uud < 1), where the dose is independent
of the sample thickness & and with p being the linear absorption
coefficient. At low energies, the dose decreases rapidly with ~ £ 3
due to photoelectric absorption, levels off above 30 keV due to
Compton scattering, and reaches a minimum at ~60 keV [40].
At this energy, one can in principle measure at the highest photon
statistics for a given dose. However, the phase shift imposed on
X-rays by the medium is proportional to £, and thus the image
contrast in PB-PCl also decreases with energy. Therefore, the SNR
has to be optimized, given as the ratio of the phase-induced signal
S and the noise IV of the unscattered background field (zero-order
beam). For different sample thicknesses o, we depict in Fig. 1(B)
(green curves) the normalized SNR? behind the sample as a func-
tion of £ at a constant dose deposited in the sample. The SNR?
scales with the number of X-ray photons and hence is proportional
to the dose. Since the signal in the SNR is sample-dependent, we
normalized the curves to the theoretical maximum. For4 < 1 mm,
the maximal theoretically achievable SNR per dose is reached at
30 keV, being per se the optimal working energy, provided that
the available flux of the X-ray source at this energy is sufficiently
high. For thicker samples (dashed curve), the X-ray ransmission
decreases, in particular for low energies [see also black curves in Fig.
1(A)], thereby shifting the maximum to slightly higher energies.
Note that for pud > 1 the local dose deposition is not homogeneous
over the volume. Here, we compute the total dose in the sam-
ple, i.e., the average dose. Details on the calculations are given in
Supplement 1.

Second, a high dose efficiency ideally also requires detection
of every X-ray photon that passes through the sample. This, how-
ever, is technically challenging. For micrometer resolution X-ray
imaging, the image needs to be magnified before being recorded
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Fig.2. Working principle of the Bragg magnifier system. (A) Schematics of the BM system. (B) Schematics of beam magnification by asymmetric Bragg
diffraction [27] with the asymmetry angle «, the angles @i, o, between optical axis and crystal surface, the Bragg angle 6, and the corrections AG,, ;, from
dynamical diffraction theory [51]. (C) Theoretical intrinsic resolution and magnification of our Si (220) BM system with v = 5.92° as a function of the
photon energy F [Egs. (2) and (3)]. (D) Experimental verification of spatial resolution of 1.3 pmat 31 keV. The multidistance phase reconstruction [19,54]
of a resolution line pattern reveals structure periods down to 1.3 m. In the line profile, we subtracted the background gradient for better visibility, which we
attribute to source blur, especially at high spatial frequencies. (E) Radiograms of a gold grid show the adjustable magnification with photon energy (sce also

Visualization 1).

by a pixel-array camera. In commonly used scintillator-based
indirect detector systems, a scintillator converts the X-ray photons
into visible light, which is collected by an optical microscope and
detected by the camera. The thickness of the scintillator is limited
by the objective’s depth of field, constrained by the desired spatial
resolution [41]. Thisresults in a reduced X-ray detection efficiency,
i.e., the probability to detect an X-ray photon, which exacer-
bates with increasing photon energy and resolution. In contrast,
direct magnification of the X-ray image allows exploitation of the
high detection efficiency provided by large-pixel-array detectors.
For the targeted working energy of 30 keV, an X-ray detection
efficiency of almost 100% can be achieved by direct-converting
SPCDs with a reasonably thick high-Z sensor, e.g., GaAs or CdTe
connected to a Medipix3RX readout chip assembly with 55 pum
pixel size [34,35]. The X-ray image can be magnified with a Bragg
magnifier (BM) based on asymmetrically cut crystals [27-33].
Alternatively, magnification could be achieved by cone-beam
geometry with focussing optics [42—47]. For a given dose, we
compare the theoretically expected normalized SNR? obtained
for a typical indirect system and a BM system at a resolution of 1.6
um [Fig. 1(B)], omitting any further possible losses by electronic
conversion and readout. For the BM system, the detection effi-
ciency is inherently limited by the finite reflectivity of the crystals
(=90% at £ > 25 keV for Si 220 reflections). To achieve the tar-
geted resolution with the indirect system, we chose a numerical
aperture (NA) of 0.28 and a 12 um thick LSO scintillator, which
is to our knowledge one of the most suited thin-film scintillators
for high-resolution X-ray imaging [26,41,48]. The absorption of
the scintillator is an upper bound of the indirect system’s X-ray
detection efficiency. At the targeted energy of ~30 keV, the detec-
tion efficiency of the BM system is increased by at least a factor of
7.5 compared to the indirect system. Note that for dose-relevant
imaging of a millimeter thick sample, the indirect system would
ideally be operated at a lower energy of 11 keV, where the SNR?
is 4.9-fold higher compared to 30 keV [Fig. 1(B)]. As the sample

thickness increases, e.g., in local tomography [49], the transmis-
sion of the sample decreases and one is thus forced to increase
the operating energy for the indirect system, in turn reducing its
detection efficiency [dashed linein Fig. 1(B)].

Last, for the imaging performance it is even more crucial how
the spatial frequencies of the object are transferred into the digital
image. After maximizing the information content carried by the
X-ray wavefield, the phase shift imprinted by the sample has to
be converted into a measurable contrast. The image formation is
best described in Fourier space by a cascade of transfer functions
which state how strongly the spatial frequency components ¢ in
the wavefield are transferred through the imaging system. The total
transfer function comprises the phase contrast transfer function
(PCTE), the optical transfer function (OTF) of the magnifying
optics, and the transfer function of the pixel-array detector. Here,
we restrict the general considerations to the PCTF and the OTFs
of the magnifying optics. For a discussion on the transfer functions
of pixel-array detectors, which depend strongly on the particular
device, we refer to the literature [34,38,39]. In general, the for-
mation of an X-ray intensity image from a propagating wavefield
is a nonlinear process. However, many biological samples can
be considered as objects with a weak or weakly varying phase,
which allows for a description by the PCTF [19]. The PCTF and
thus the contrast in the measurable holograms are maximized by
choosing the largest reasonable propagation distance z of the X-ray
wavefield behind the sample, typically limited by source blur due
to the extended X-ray source size [11]. Besides this propagation
contrast formation, which both systems have in common, each
system has its own additional OTF(g), quantifying how strongly
the signal is diminished by the respective magnifying optics [50].
The coherent OTF of the BM system, relevant for PB-PCI of weak
phase objects, is given by the square root of the crystals’ reflectivity
curves [51,52]. The OTF of the indirect system is given by the
transfer function of the scintillator and the OTF of the microscope.
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The former accounts for the spread of energy deposition gener-
ated by secondary particles; the latter is defined by the numerical
aperture [26,41]. To keep it simple, we consider here only the
incoherent OTF of the microscope as an upper bound, which
is analytically accessible [41]. The OTF of the indirect system
suppresses image information, in particular for high ¢ containing
the high-resolution components of the image [Fig. 1(C), orange
curve]. In contrast, the normalized modulus of the BM’s OTF is
close to unity up to the resolution limit [Fig. 1(C), blue curve],
ensuring almost ideal transfer of information.

Ultimately, for comparing the image quality of the two imaging
systems experimentally, it is useful to consider the g-dependent
SNR? (¢, D), which is also referred to as noise-equivalent quanta
[53]. Since it is proportional to the dose D, the dose efficiency
can be defined as SNR? (¢, D)/ D. For a comparison of the two
imaging systems independent of the sample, we use the detective
quantum efficiency DQE(g) = SNRZ(q) / SNRS(q) as a figure
of merit for the dose efficiency [53]. Ensuring the same input

SNRJ(¢), the gain in DQE is given by

_ DQEgy(9) _ SNRZBM(q)
DQE,4(9)  SNRZ,(q)"

At g =0, we expect it to be at least the X-ray detection efficiency
ratio, while it increases even further with ¢ due to the higher OTF
of the BM system. Last, we want to remind the reader that the indi-
rect system should ideally be operated at the energy of its respective
maximal dose efficiency, adjusted to the sample thickness [cf. Fig.
1(B)]. To compare the dose efficiency of both systems at different
energies, the gain G(g) has to be scaled with a corresponding
factor deducible from Fig. 1(B). Summarizing, we expect the BM
system to enhance significantly the g-dependent dose efficiency
and accordingly the image quality compared to an indirect system.

G(q) (1)

B. Experimental Realization

In the following, we briefly outline the working principle of the
BM [27-30], present our design considerations, and characterize
the system experimentally. In general, a specific BM is designed for
asmall predefined energy window, within which the magnification
can be varied by fine-tuning the energy. To reach highest dose
efficiency, we design the BM system for an energy range of 29-31
keV using two Si single crystals with a nominal asymmetry angle
o = 5.92° of the crystal surface normal with respect to the crystal-
lographic [110] direction (for a detailed description of the setup,
see Supplement 1). After monochromatization of the X-ray beam
by a double-crystal monochromator, the BM crystals magnify the
wavefield behind the sample in horizontal and vertical directions
by asymmetric 220 Bragg reflection [Figs. 2(A) and 2(B)]. The
magnification M originates from the strongly asymmetric diffrac-
tion geometry with & being close to the Bragg angle 65 and is given
by [28]

_ sin Qoue _ sin(fg + A + a)

M=— = - ; 2
sin @, sin(fp + A, — )

where ¢;, and @, are the incident and outgoing angles between
the optical axis and the crystal surface, and A8, and A8, are cor-
rection terms of the incoming and outgoing beams, respectively,
obtained from dynamical diffraction theory [51]. Since 63 changes
with energy, the magnification can be smoothly adjusted with E,
in our case between M =20 — 180 [Fig. 2(C)]. The tunability

of the magnification is demonstrated experimentally by imaging
a gold grid at various energies [Fig. 2(E) and Visualization 1].
As a side note, after magnification in a certain dimension, the
further evolution of the interference pattern is negligible to good
approximation [55]. Thus, the BM comes along with separate
propagation distances z, and z,, given as the distance between
the sample and the horizontally or vertically diffracting crystal,
respectively [Fig. 2(A)]. This allows z, and z, to be individually set
and optimized for the asymmetric source properties of third gener-
ation synchrotrons [56]. In the phase reconstruction, the different
propagation distances have to be taken into account [55,57,58].

The smallest resolvable spatial wavelength A, is limited by the
angular acceptance 26, of the crystals. In accordance to Abbe’s cri-
terion, we have [29]

Ao

)\min = B
sin 8,

(3)
where A is the X-ray wavelength, and 8, is the Darwin width [51],
which benefits from a large broadening by the strongly asymmetric
diffraction geometry and can be tuned by the energy [Fig. 2(C)].
The theoretical resolution limit of our setup of 1.3 pm at 31 keV
has been confirmed experimentally by imaging a test pattern with
structure sizes down to 0.5 pm. A multidistance phase reconstruc-
tion [19,54] of the test pattern shows smallest resolvable structure
periods corresponding to the expected resolution [Fig. 2(D)]. For
more information on the reconstruction, see Supplement 1.

The X-ray reflectivity of a single crystal was measured to be
(96.5 £ 0.6)% at 30.5 keV, in close agreement with the theoretical
value of 97.4%. The absorption of the 500 pum thick GaAs sensor
of the SPCD in use can be estimated to be 97.6% [35,37]. The
BM system comprising two crystals and the SPCD has therefore an
overall X-ray detection efficiency of 91%.

For the indirect system (12 pm thick LSO scintillator, opti-
cal microscope with NA = 0.28, pco.edge 5.5 CMOS camera),
the objective has a collection efficiency of the scintillation light
of 0.5-(1—+/1—NA?/n2)=0.6% [59], where n=1.82 is
the refractive index of the scintillator. With the light yield of the
scintillator being 40 photons/keV [60], we expect that on average
7.3 visible photons are collected by the objective per 30.5 keV
X-ray photon absorbed in the scintillator. Including the quantum
efficiency of the camera (>60%), the Poisson distribution of the
optical photons will therefore only lead to a minor increase of the
noise floor. Hence, the X-ray detection efficiency depends pri-
marily on the X-ray absorption of the scintillator (12.3% at 30.5
keV). In contrast to an SPCD, being essentially free of readout
noise, the CMOS camera adds a minor background noise. Further,
incoherently scattered X-ray photons can degrade the image qual-
ity in the indirect system, while the incoherent background is
filtered out by the BM’s small energy acceptance. Overall, taking
into account the measured reflectivity, we expect the X-ray detec-
tion efficiency of the BM system to be higher by more than a factor
of 7.4 at30.5 keV compared to the indirect system.

C. Comparison of Bragg Magnifier and Indirect System

We confirm experimentally the improved imaging performance
of the BM system compared to the indirect system by measur-
ing a Siemens star test pattern at multiple distances at the same
energy of 30.5 keV [Figs. 3(A)-3(C)]. First, for a comparison of the
image quality at the same nominal X-ray detection efficiency, we
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Experimental comparison between a conventional indirect detector system and the Bragg magnifier at the same energy of 30.5 keV. (A) Flatfield-

corrected holograms and multidistance phase reconstruction (10 distances) of a Siemens star test pattern. Note the increased X-ray intensity for the indirect
system to compensate for the low X-ray absorption in the scindillator. (B) Measured SNR of the Siemens star holograms as a function of the spatial frequency
g at the same incident X-ray fluence, averaged over 10 propagation distances and the azimuthal angle. For comparison, we simulate the input SNR for
perfect coherence. For details see Supplement 1. (C) Experimental gain G (g) in DQE, extracted for each of the 10 propagation distances from the images
used in (B); see Eq. (1) and Supplement 1. The solid line is a moving average and serves as a guide to the eye. (D) Flatfield-corrected holograms and single-
distance tomographic reconstruction of a chalcid wasp (critical point dried Lariophagus distinguendus) acquired with both systems at comparably low inci-
dent X-ray fluence. For more information on the scan parameters see Supplement 1.

increased the flux for the indirect system by a factor ~7 by remov-
ing absorption filters in order to compensate for its lower X-ray
detection efficiency. Despite the lower dose in the BM images,
the contrast and visibility of fine interference patterns in the holo-
grams are still by far superior [Fig. 3(A), upper images]. This can
be attributed to the BM system’s higher OTE especially at high
spatial frequencies. The higher information content also translates
to the multidistance phase reconstructed images [Fig. 3(A), lower
images]. Prior to phase reconstruction, the indirect system images
have been corrected by the incoherent OTF of the microscope [19]
(see Supplement 1).

For a further quantitative analysis, we compare the ¢-
dependent SNR of Siemens star holograms for the same incident
X-ray intensity [Fig. 3(B)]. A detailed description of the evaluation
is given in Supplement 1. Compared to the indirect system, the
SNR(gq) is significantly higher for the BM system. Further, the
experimental data of the BM system are close to the simulation of
the input field SNRy (). The simulation was performed without
considering source blur, which explains the slight discrepancy with
increasing g, besides minor influences by the SPCD in use [34,35].
The resulting gain in DQE at this energy, obtained from Eq. (1), is
shown in Fig. 3(C). For the evaluation we take into account the dif-
ferent propagation distances. For g = 0, we observe the expected
increase in DQE of > 7 given by the absorption of the scintillator.
For increasing g, G(g) increases even further and reaches more
than two orders of magnitude for g > 0.3 pm™'. Asaside note, we
also tested a 50 pm thick LuAG scintillator, which performed even

worse than the 12 um thick LSO scintillator, especially at high ¢4
(see Supplement 1).

The impact of the BM system’s higher detection efficiency
on biological imaging is illustrated by imaging a chalcid wasp
(Lariophagus distinguendus) with both systems at 30.5 keV and
identical, comparably low photon fluence of 200 ph/um? per
frame [Fig. 3(D)]. For the indirect system, the specimen is hardly
visible in the hologram, while the BM system shows good contrast.
The superior imaging performance of the BM system becomes also
apparent in the tomographic reconstruction, with insets enlarging
the compound eye of the wasp, resolving finer structures.

Our measurements of the SNR(g) show that the indirect
system behaves even less efficiently as we would surmise from con-
sidering the scintillator absorption and the OTF of the microscope.
In addition, in the phase reconstruction for the indirect system
the reconstructed phase shift is smaller than the expected value of
—0.8 rad (1.4 pum gold structure), while for the BM system the
reconstructed values agree to the expectation [Fig. 3(A)]. This can
be explained by a spread of energy deposition in the scintillator,
which increases with X-ray energy and further degrades the total
transfer function of the indirect system [26,61]. Thus, to operate
the indirect system at the optimal energy of ~30 keV for highest
possible dose efficiency, the scintillator must have not only high
absorption but also low spread of energy deposition. As mentioned
above, for our specific application with samples of size 4 < 1 mm
the indirect system would best be operated at a lower energy of
~11 keV. For this case, we estimate that the overall gain in dose
efficiency of the BM system is a factor of abourt two at low spatial
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Trichogramma cacoeciae wasps imaged in vivo with the BM system. (A) Volume rendering of tomographic data of a first Trichogramma indi-

vidual inside its parasitized moth egg (Sitotroga cerealella). The egg shell (yellow) was sliced virtually to visualize the wasp (gray) inside the egg. (B)—(D)
Phase reconstructed radiograms of a second individual emerging from its host egg (full series in Visualization 2). (E), (F) Flexible movement of mandibles,
observed in a third individual (full series in Visualization 3). The arrows indicate that the wasp moves its mandibles independently from each other. For

experimental details see Supplement 1.

frequencies and one order of magnitude at the desired resolution
(see also Supplement 1). For thicker specimens or samples in a
medium, higher energies are required for the indirect system, and
the gain in dose efficiency of the BM system increases accordingly.

D. Pilot in vivo Study of Parasitoid Wasps within Their
Hosts

As an in vivo pilot application, we exploit the high dose efficiency
of the BM system to study the concealed behavior of parasitoid
Trichogramma wasps related to the emergence from their host eggs
over tens of minutes up to hours (see Fig. 4). Trichogramma wasps
belong to the smallest known insects. By parasitizing the eggs of a
wide range of crop-infesting butterfly and moth species, they are
the most widely used biological control agent [62] and therefore
possess enormous economic value [63—65]. Despite being among
the best-studied parasitic insects [66], their concealed behavior
within their hosts is largely unknown. The BM system allowed us
to record long in vive cine-radiographic data of several individuals,
revealing morphodynamics before and during emergence from
the eggs. Figure 4(A) shows a volume rendering of a tomographic
dataset of a first specimen shortly before emergence. For a second
individual, Figs. 4(B)-4(D) display phase reconstructed radio-
grams of the wasp during emergence at different moments in time.
The full cine-radiographic dataset is given in Visualization 2.
Images were denoised by a neural network, trained with the
Noise2Noise method [67]. Details of the method application
can be found in [68]. The wasp was filmed in several sequences,
intermitted by radiation-free pauses, over a total duration of 1.25 h
and a total X-ray exposure of 30 min. After emergence, we did not
observe any abnormalities in the wasp’s behavior. The estimated
dose is ~7 mGy per frame, yielding an overall dose of ~200 Gy,
which agrees to dose levels reported in literature to have no observ-
able physiological effects on small animals [10]. We identified
characteristic movement patterns and behavioral acts of the wasp,
which are described in detail in Supplement 1. In the dataset of
another individual, the movement of the mandibles during the
biting process became particularly well visible; see Figs. 4(E), 4(F),

and Visualization 3 (dose per frame of ~70 mGy and total dose
of ~90 Gy using a higher flux and Ge crystals; see Supplement 1).
As opposed to the larger L. distinguendus, which has been shown
to employ its mandibles in a chisel-like manner to bite through a
stiff wheat grain [69], Trichogramma cacoeciae is here observed to
use its mandibles independently from each other to penetrate the
more pliable egg shell. This versatility demonstrates how flexible
mandibular movement allowed chalcid wasps to exploit a variety of
hosts, most likely being a key factor for their evolutionary success
and their enormous diversification [69].

3. CONCLUSION

We present a considerable increase in dose efficiency in
micrometer-resolution X-ray imaging of soft tissues by combining
highly coherent synchrotron radiation, a high-Z single-photon-
counting detector, and Bragg magnifier crystal optics, and by
operating at X-ray energies ~30 keV that allow a minimum dose
for a desired signal-to-noise ratio. We show that the developed
BM system works close to the highest possible dose efficiency for
propagation-based phase contrast imaging, owing not only to its
X-ray detection efficiency of over 90% but also its advantageous
optical transfer function. Compared to a scintillator-based detec-
tor system at these energies, we measure an increase in DQE of
more than two orders of magnitude for high spatial frequencies,
which are crucial for high spatial resolution. For applications where
the efficiency of indirect systems can be improved by working at
lower energy, we still estimate a gain in dose efficiency of the BM
system of one order of magnitude at high spatial frequencies, which
contain the relevant high-resolution components of the image.
Even though indirect detectors benefit from continuously ongoing
developments of scintillators [70], optics [71], and cameras [72],
the BM system intrinsically outperforms any lens-based opti-
cally magnifying system by its constantly high OTF for all spatial
frequencies up to its resolution limit. The BM system enables
a substantial increase of observation times in in vivo studies at
micrometer resolution, allowing us to film the concealed behavior
of parasitoid Trichogramma wasps for more than 30 min. This pilot
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study provides a detailed analysis of their movement patterns and
behavioral acts before and during emergence from their host eggs
and demonstrates the flexible biting functionality of their man-
dibles. We believe that due to its high dose efficiency, BM-based
X-ray imaging will find broad application, not only for in vive
imaging in life sciences but also for in sizu studies of dose-sensitive
materials and processes.
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