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Abstract. Synchrotron X-ray computer microtomography
was used to analyze the microstructure of rose peduncles. Samples
from three rose cultivars, differing in anatomy, were scanned to
study the relation between tissue structure and peduncles mecha-
nical strength. Additionally, chlorophyll fluorescence imaging and
conventional light microscopy was applied to quantify possible
irradiation-induced damage to plant physiology and tissue struc-
ture. The spatial resolution of synchrotron X-ray computer micro-
tomography was sufficiently high to investigate the complex tis-
sues of intact rose peduncles without the necessity of any prepara-
tion. However, synchrotron X-radiation induces two different
types of damage on irradiated tissues. First, within a few hours after
first X-ray exposure, there is a direct physical destruction of cell
walls. In addition, a slow and delayed destruction of chlorophyll
and, consequently, of photosynthetic activity occurred within hours/
days after the exposure. The results indicate that synchrotron X-ray
computer microtomography is well suited for three-dimensional
visualization of the microstructure of rose peduncles. However, in
its current technique, synchrotron X-ray computer microtomo-
graphy is not really non-destructive but induce tissue damage.
Hence, this technique needs further optimization before it can be
applied for time-series investigations of living plant materials.
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INTRODUCTION

Anatomy and histology of plants may change dramatical-
ly during development and senescence, but also in response
to various environmental constraints, both at the macro-
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scopic and at the microscopic scale (Graf, 2010). In addi-
tion to basic physiological research, comprehensive knowled-
ge of the extent and the time course of changes in micro-
structures is essential to fully understand the respective
underlying mechanisms. Thus, continuous and non-invasi-
ve analysis of plant microstructures is desirable. However,
current high-resolution microscopy techniques eg SEM and
TEM are inevitably destructive and discontinuous. On the
other hand, the spatial resolution of conventional, non-de-
structive X-ray and magnetic resonance imaging (MRI) is
too low to identify individual cells (Dhondt et al., 2010). In con-
trast, high-resolution tomography (Banhart et a/., 2010), espe-
cially synchrotron X-ray computed microtomography (SXCuT)
in combination with phase-contrast techniques may help to
investigate the inner structure of plants at cellular reso-
lutions in-situ (Cloetens et al., 2006; Mendoza et al., 2007).
In the early stages of SXCuT development, it was dif-
ficult to analyze soft matter such as plant tissues due to the
low contrast in the X-ray images. Following the introduction
of phase-contrast into X-ray tomography, it became possible
to investigate such sensitive and complex material as a result
of the much higher sensitivity of this technique to light ele-
ments (Bonse and Hart, 1965). The promising development
of SXCuT allows the close and continuous inspection of
living tissue, even at the cellular level (Momose ez al., 1996).
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Application of this method in plant science has only re-
cently begun and studies have already demonstrated that syn-
chrotron X-ray computer tompography is a promising tech-
nique with a high potential to investigate plant anatomy. It
was successfully used to quantify the pore space within ap-
ple fruit tissues three-dimensionally (Mendoza et al., 2007)
and to visualize the volume and structure of xylem net-works
as well as the water-refilling process (Kim and Lee, 2010).

However, it is also clear that SXCuT is not yet optimi-
zed for plant samples in terms of radiation dose, spatial re-
solution and repeatability of measurements. Early investiga-
tions in macromolecular crystallography (Garman, 2010;
Weik ef al., 2000) established that synchrotron X-rays can
damage and even destroy irradiated materials. The degree of
this destruction is not negligible, but affects measurement
results depending on radiation dose, dose rate and irradia-
tion time (Cherezov et al., 2002). However, no systematic
information on the effects of synchrotron X-radiation on
living plant materials is available.

This study aimed to optimize the quality of SXCpuT ima-
ges of plant tissue by applying monochromatic X-radiation
of various photon energies and to evaluate the ability of
SXCuT to continuously and non-invasively characterize the
structural properties of sensitive living plant tissues.

MATERIALS AND METHODS

Roses (Rosa hybrida L.) of the cultivars Akito, Milva,
and Red Giant were grown in a greenhouse at the Institute of
Horticultural Sciences (Humboldt University Berlin, Ger-
many). Heating temperature was set to 18°C while aeration
temperature was 23°C. Relative air humidity was in the ran-
ge of 50 to 90% with large variations during the day. Natural
light was supplemented with high pressure sodium lamps to
yield a minimum 2photosynthetic photon flux density (PPFD)
of 140 pmol m’ s! for 18 h. Plants were automatically
trickle irrigated with nutrient solution in an open system.
Applying the ‘Japanese system’ (bending down the blind or
redundant stalks to increase leaf area for photosynthesis),
plants were cultivated in 7 1 pots filled with commercial
peat-coir-based substrate (Stender AG, Luckau, Germany)
and placed in double rows (8.6 plants m ) on tables. Roses
were harvested at flower development stage 2 (Graf, 2010).
After harvest, stems were placed in a Chrysal® professional
solution (Prokon and Chrysal International B.V., Naarden,
the Netherlands). Freshly harvested rose samples were
transported to the experimental sites and stored in a refri-
gerator (4°C) until the start of the experiments.

Synchrotron X-ray tomography of rose samples (Akito:
7 samples, Milva and Red Giant: 3 samples each) was
conducted at the BAM/ine of the electron storage ring
BESSY 1II at Helmholtz Center Berlin for Materials and
Energy, Adlershof, Germany (Rack et al., 2008). To keep
down radiation doses, in vitro CT scans of rose peduncles
were taken with X-rays of 30, 40, 50 keV photon energy. In
this energy range, linear absorption is negligible for soft

plant tissues. Hence, phase-contrast imaging was applied by
positioning the detector 1.14 m away from the sample to
reveal microscopic details (Cloetens ef al., 1997).

At BAMline, the micro-CT setup is located 35 m down-
stream of the X-ray source. X-rays are monochromated by
a double multilayer mirror yielding an energy window of 1-2%.
Rose samples were placed in a plastic funnel (outer diameter
8 mm) glued on top of an acrylic glass vase (1 mm thick). To
prevent the dehydration and heating of stem tissue during
measurements, the vase was filled with water and connected
to a reservoir by a silicone tube. Images were recorded by an
indirect pixel detector (Rack et al., 2008) comprising a cad-
mium tungstate (CWO) scintillator screen and a Nikon lens-
fitted (1:18, = 180 mm; Nikon GmbH, Diisseldorf, Germany),
back-illuminated, high-resolution, slow-scan CCD camera
(VersArray:2048, Princeton Instruments, Trenton, USA).
The field of view of the camera was 7.7 x 7.7 mm yielding
pixel size of 4.56 um. The energy-dependent angular ac-
ceptance of the monochromator mirrors limited the effective
image heights in the in vitro CT scans to 3.2, 2.8 and 2.4 mm
(30, 40 and 50 keV, respectively).

For every 3D data set, 1 500 unique projections were re-
corded covering 0 to 180° rotation of the sample (incre-
mental steps of 0.12°). The mean exposure time for each
projection was 1.5 s, hence, the mean total time of exposing
samples to the X-ray radiation was 37.5 min. After every 100
frames, a series of 10 flatfield images were recorded to
correct for inhomogeneous beam profile and decreasing
beam intensity. Images were Fourier-filtered to approxima-
tely reverse the Fresnel-propagation and to retrieve a two-
dimensional thickness projection.

The PyHST software package (European Synchrotron
Research Facility, Mirone et al., 2010) was used to re-
construct a volume image from the phase-retrieved pro-
jections. The 3D voxel data were rendered using VGStudio
(Volume Graphics GmbH, Heidelberg, Germany). Finally,
horizontal and vertical CT images were processed using NI
Vision Acquisition with LabView (National Instruments
Co., Austin, USA) and ImageJ (Abramoff et al., 2004).

Simultaneously to SXCuT scans, chlorophyll fluore-
scence image analyses (CFI) were performed at 15 min in-
tervals using a FluorCAM MF 740 system (PSI, Brno, Czech
Republic). Controlled by WinXP compatible software (Fluor
Cam 6), the system measures sequences of fluorescence
images (CCD camera with F1.2/2.8-6 mm objective and short-
pass filter, 12-bit resolution, 512 x 512 pixel; maximal fre-
quency 50 images s'l) of objects (maximum field of view
approx. 10 x 13 cm). Fluorescence is induced by two sets of
345 orange light emitting diodes (A,,,,, = 620 nm) providing
short (10-33 ps), weak (approx. 5 pmol m™ s'l) flashes as
well as continuous actinic irradiation at a user-defined timing
and irradiance. Short-term (1 s) saturation light pulses (max.
2500 pmol photons m s'l) were generated by a 250 W
halogen lamp, equipped with an electronically-controlled
shutter (Matsushima et al., 2009).
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Samples were dark-adapted for 10 min and then illu-
minated with the measuring light to induce the initial fluo-
rescence, F, (von Willert et al., 1995). The maximum
fluorescence signal, F, , was elicited by a saturation pulse,
which rapidly excites all chlorophyll molecules thus
preventing any photochemical energy dissipation. The ratio
FJF, (F,=F, - F,=variable fluorescence) is an indicator
of the potential maximum photochemical efficiency, and is
thus a valuable tool in determining both capacity and stabi-
lity of photosynthesis and its response to external constraints
(von Willert et al., 1995).

In addition to these measurements, fresh, unstained,
hand-cut slices of irradiated peduncle tissue were prepared
at different times after the end of radiation. The samples
were investigated by an optical microscope (DM RXA2,
Leica Microsystems GmbH, Wetzlar, Germany) equipped
with a Leica CCD camera.

RESULTS AND DISCUSSION

Spatial-resolution of the synchrotron X-ray tomogra-
phy images was high enough to accurately investigate the
complex microstructure of tissues such as vascular bundle
elements and parenchyma cells in the pith of rose peduncles
(Fig. 1). Cells and intercellular spaces were clearly discrimi-

nated (Fig. 1A-h and A-v). Due to edge enhancement by
phase-contrast imaging, the boundary lines ie the cell walls
of each single cell were distinctly depicted. In addition,
SXCuT clearly discriminated between fully intact cells ie
those containing cytoplasm, water-filled cells or xylem ele-
ments, and air-filled objects. The region of high X-ray atte-
nuation in Fig. 1A-h (arrow 1) indicates an intact pith pa-
renchyma cell, while dark areas represent empty, air-filled
spaces. The thin cell walls, preserved after disappearance of
the protoplasts, were distinctly visible in SXCuT (Fig. 1A-h,
arrow 2). In contrast to peduncles of both Red Giant and
Akito roses, those of Milva (Fig. 1A, B, C) roses retained an
intact pith and showed no air-filled cells in this tissue.

The effective irradiation dose to take one complete
SXCuT was smallest at a photon energy of 50 keV. As a re-
sult of the low photon flux, however, exposure time at this
photon energy was more than double that at 30 and 40 keV
(Table 1). Hence, the time necessary to record single SXCuT
images was 1.4, 1.2, and 3 s at photon energies of 30, 40, and
50 keV, respectively.

Furthermore, for one complete SXCuT, a total number
of 1660 single images were taken, irrespective of the energy.
Therefore, the time necessary to record an entire SXCuT
was longer at 30 than at 40 keV. If the longer overall recording

Fig. 1. Horizontal (-h) and vertical (-v) SXCuT slices of Red Giant, Akito, and Milva (A, B, C) rose peduncles, taken at a photon energy of
40 keV. Thin walled, air-filled cells are indicated by low contrast dark areas (arrow 1); intact, cytoplasm-containing cells show a high

X-ray attenuation (arrow 2).



26 U. MATSUSHIMA et al.

time and the higher X-ray attenuation at 30 keV are conside-
red, the radiation effects of this photon energy on plant
samples should be larger at this energy than at 40 keV.
However, no significant difference between the quality of
SXCuT image produced at 30 and 40 keV could be establi-
shed with the experimental setup used.

Overall, the quality of SXCuT images of Milva pe-
duncles was not significantly affected by the photon energy
used (Fig. 2). This also applied for Akito and Red Giant.

To evaluate the potential negative impact of synchro-
tron X-radiation on the physiological activity of the irradia-
ted tissues, series of chlorophyll fluorescence images of rose
peduncles were taken at regular intervals during and after
recording SXCuT. Figure 3A shows chlorophyll fluorescence
images (F,/F,,)) of a Red Giant rose peduncle 20, 80 and
615 min (A-2, A-3, A-4, respectively) after irradiation at
30 keV. At all given photon energies (data not explicitly
shown), X-ray irradiation only very slowly and very locally
affected photosynthesis. X-rays did not negatively affect
maximum photochemical efficiency during (not shown) and
immediately after irradiation. Within 2 h after the end of
SXCuT measurements, F, /F,, and, hence, potential photo-

Table 1. Conversion factor to effective dose and photon flux den-
sity of BAM/ine

Energy Exposure time Photon flux density*
(keV) (s) (photons s mm?)
30 2324 7.28 10"
40 1992 4.9010"
50 4980 1.10 10"

*(Rack et al., 2008): Photon flux density behind the double multi-
layer monochromator at the BAM/ine; measured with a ring energy
of 1.7 GeV, aring current of 200 mA, a magnetic flux density of 7T
at the wavelength shifter insertion device and a distance from the
source of 35 m. At 7 keV, a flux density of 5.7 10'° photons s mm™
was measured with a focused beam. Around 11 keV, typical flux re-
duction due to the tungsten L absorption edges can be seen (the
multilayer coating consists of 150 double layers W/Si).

synthetic activity did not change at all (Fig. 3B). Only after
an additional 8 h, did F,/F,, (solid squares in Fig. 3B)
noticeably decrease in the irradiated region of the peduncle
(profile along the dotted line in Fig. 3A-2). The low F/F,,
(black arrow in Fig. 3B) proves that photosynthesis was no
longer active in the irradiated stem part. This response was
valid for all rose cultivars investigated. Furthermore, photo-
synthetic activity declined to zero with very similar tem-
poral dynamics at all X-ray energies tested.

After adelay of between 1 to 3 hand 1 day, the peduncle
tissue pronouncedly weakened and became increasingly
fragile, particularly samples of Milva which broke readily.
In addition, irradiated peduncle regions started browning —
the change from green to brown taking several hours — and
could be identified with the naked eye, irrespective of cultivar
and X-ray photon energy. The optical microscopic images
of hand-cut slices of the irradiated regions are presented for
samples of all cultivars (Fig. 4). Browning was particularly
evident in walls of cells of the hypodermis and of the vascu-
lar bundles. Again, these long-term reactions occurred inde-
pendent of cultivar and X-ray photon energy.

Besides genetic and physiological control mechanisms,
comprehensive knowledge of the anatomical and histologi-
cal structure is indispensable to fully understand the function
of plant organs or tissues and their dynamic changes during de-
velopment and/or in response to environmental constraints.

In this context, high resolution SXCuT is assumed to
provide a very promising approach to non-invasively in-
vestigate plant microstructures (Mendoza et al.,2007). Even
at the cellular level, this is valid without any need of ad-
ditional preparations of samples (Cloetens et al., 2006;
Dhondt et al., 2010).

The results presented here confirm the above statements.
The resolution obtained with the applied system clearly allow-
ed distinguishing the structural differences between air spa-
ce and living cells in peduncle tissues of all investigated roses.
For example, the content of pith parenchyma cells can be rela-
tively easily visualized in 3-dimensional images. As indica-
ted by the presented SXCuTs, only parenchyma cells of

Fig. 2. Vertical slices of SXCuT images of Milva peduncles taken at 30, 40, and 50 keV (A, B, C).
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Fig. 3. Sample installation (A-1) and chlorophyll fluorescence images (maximum photochemical efficiency, F,/F,,) of a Red Giant rose
peduncle taken 20, 80, and 615 min (A-2, A-3, A-4) after irradiation at 30 keV for 37.5 min; B — photosynthetic activity profiles of
chlorophyll fluorescence images taken at different times after synchrotron X-ray irradiation of a Red Giant peduncle at 30 keV.

Fig. 4. Fresh cut slices of Red Giant, Akito, and Milva (A, B, C) rose peduncles irradiated at photon energies of 30 keV for 37.5 min.
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Milva roses still contained protoplasm. In contrast, pith cells
of both Akito and Red Giant samples were mainly air filled.
This pronounced structural difference may indicate diffe-
rences in the developmental stage of rose peduncles. It has
been assumed that this fact is directly related to stem me-
chanical properties and, hence, to the largely varying post-
harvest behaviour of the different cultivars (Graf, 2010).

Knowledge of the extent and the time course of possible
changes of such functional plant microstructures is essential
to understanding the underlying mechanisms. The presented
data show that SXCuT can, indeed, help to satisfy this
requirement without direct interference with the product
(Dhondt et al., 2010).

Synchrotron irradiation, on the other hand, is known to
partially and specifically damage major components of plant
cells, including proteins, lipids, pigments or cellulose
(Cherezov et al.,2002; Simonis and Seuberling, 1973; Weik
et al., 2000). In the presented experiments, impairment of
functional tissue micro- and macrostructures due to synchro-
tron irradiation was obvious. Rapid changes in the physical
structure of plant tissues may reduce SXCuT quality.

In early studies (not shown), some rose peduncles broke
immediately after irradiation. This harsh response might
result from chemical changes in both plant cell membranes
and cell walls. Intact biomembranes are vital for metabolic
activity of plant cells. Free radicals, produced by X-ray irra-
diation, could trigger phase transformations in biomem-
branes leading to a loss of selective permeability and the
ability to support gradients, resulting in loss of turgor and,
ultimately, in cell death (Cherezov et al., 2002). Although
peduncle cell turgor was not measured, turgor loss may have
occurred but it seems not to be the major initial effect.

On the other hand, it is well-established that ionizing
radiation rapidly induces destruction of cellulose in a dose-
effect manner (Chunping et al., 2008). Irradiation decreases
both crystallinity (Driscoll ef al., 2009) and the degree of
polymerization of this polysaccharide by molecule chain
scission (Bouchard ef al., 2006) and radical-induced or oxi-
dative degradation. Such chemical reactions reduce the me-
chanical strength of cellulose (Bouchard et al., 2000).
Because cellulose is a major component of cell walls that
supports the structure and mechanical strength of tissues its
destruction might be the main reason for the structural
weakness of samples after synchrotron irradiation.

In fact, Milva peduncles were always the most fragile
samples. Stems of this cultivar had the lowest content of
structural carbohydrates (Graf, 2010). In addition, cell wall
lignin content was also low in Milva roses compared to the
other cultivars investigated (Graf, 2010). Lignin has been
shown to inhibit the autoxidative degradation of cellulose
(Schmidt et al., 1995) most probably due to its radical sca-
venging activity. In this context, it has been reported that,
after irradiation, lignin-containing pulp retains its degree of
polymerization and its tensile strength, but lignin-free soft-
wood kraft pulp paper does not (Schmidt ez al., 1995). This

may explain the higher structural stability of Red Giant
roses, which are known for their relatively high cell wall
lignin content. In addition, the antioxidant properties of
lignin may be responsible for the irradiation-induced dis-
colourations in paper and pulp (Schmidt et al., 1995;
Bouchard et al., 2006) and in rose peduncles, as observed in
this investigation. However, there was no clear cultivar
dependence of irradiation-induced browning.

Damage related to tissue structure and cell wall appea-
red to be relatively rapid events, occurring prior to any other
disturbance of metabolic activity. On the other hand, de-
crease of photosynthetic activity, as indicated by the poten-
tial maximum efficiency of photosystem II (F,/F),), only
took place with a delay of several hours. This finding agrees
well with earlier investigations on the effect of ionizing ra-
diation on photosynthesis (Zill and Tolbert, 1958). In wheat
leaves, CO, fixation was much more sensitive to y-irradia-
tion than water splitting (Zill and Tolbert, 1958). Never-
theless, this decay was highly reversible within a few hours.
In contrast, X-ray irradiation reduces the ability to synthe-
size chlorophyll by inhibiting the formation of protochloro-
phyillide (Price and Klein, 1962), while the conversion of
synthesised protochlorophyll to chlorophyll was not inhibi-
ted. In addition, existing chlorophyll seems to be rather re-
sistant to X-rays up to relative high doses (Simonis and
Seuberling, 1973). Hence, the delayed reduction in F/F,,
may reflect the results of a ‘normal’ turn-over of chlorophyll
at reduced or inhibited re-synthesis of this pigment.

Much of our knowledge on X-radiation damage has
been gained from research of isolated lipid and biomem-
brane models (Cherezov et al., 2002) as well as from macro-
molecular crystallography (Garman, 2010). In such investiga-
tions, X-radiation freely and directly may interact with the
irradiated material. Synchrotron radiation leads to both pri-
mary interactions between photons and the moieties that suf-
fer specific damage, and secondary reactions, mediated by
free radicals generated by the X-ray photons either within
the protein or within the matrix (Weik et al., 2000). In addi-
tion, X-radiation interacts with water in and around the
target. This results in a cascade of reactions giving rise to
reactive oxygen species (ROS), hydroxyl radicals, hydrated
electrons and hydrogen atoms, the relative amount of which
depend on temperature, pH and other factors (Garman,
2010). However, in a living plant system, radical scavengers
are readily available largely reducing the risk of the direct or
indirect effect of free radicals on physiological activities
such as photosynthesis.

Hence, the delay in F,/F,, reduction may indicate that
X-radiation did not directly destroy photosynthetic protein
complexes or photosynthetic pigments. In contrast, radicals
may have simultaneously damaged many steps of the entire
metabolic pathway. Gradually, the function of the entire
pathway declined. Such long-lived radical-mediated after-
effects have also been reported in the degradation of cellu-
lose (Chunping et al., 2008; Driscoll et al., 2009).
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In the case of conventional X-ray irradiation, damage
mainly comes from high X-ray doses. However, for synchro-
tron X-radiation, the effects of beam flux and energy must
also be considered. In this context, beam heating at higher
dose rates may have resulted in a pronounced local tempe-
rature increase (Cherezov et al., 2002). For X-ray crystallo-
graphic investigations of microstructures such as proteins,
cooling techniques are often employed to reduce radiation
damage. The radical species produced by the energy loss of
the beam would diffuse much slower, or even not at all, and
the speed of the chain reactions will be reduced. This could
effectively reduce the collateral damage (Garman, 2010).
However, it is difficult to sufficiently cool living intact plant
materials during irradiation because temperatures should
not fall below freezing point.

In addition, the direct effects of radiation energy should
also be taken into account. According to Cherezov et al.
(2002), there is no major damaging effect of beam energies
between 9 and 17 keV. However, in the presented experi-
ments, the X-ray photon energies applied ranged from 30 to
50 keV, which inevitably resulted in higher effective radia-
tion doses compared to the study of Cherezov et al. (2002).
However, at higher energies X-ray photons are less casy
absorbed by tissue components.

To create high resolution SXCuT images, a certain
number of photons is necessary. Similar to the effective
dose, the total number of photons is the product of photon
flux density and exposure time. Even though the differences
were only marginal, image quality and resolution seemed to
be highest at 50 keV in this study and both the effective dose
and the number of photons were smallest at this photon
energy. Therefore, to improve image quality and resolution
at the lower X-ray energies of 40 and 30 keV, it may be ne-
cessary to reduce the number of photons at those levels. This
would, however, unnecessarily prolong total exposure time
and increase the probability of tissue destruction, thus
reversing the positive effects.

To employ SXCuT for non-destructive, continuous in-
vestigations of plant microanatomy, further optimization
concerning dose and image quality is needed. In medical CT
and radiology, X-ray imaging techniques have to achieve
the maximum image quality with the lowest possible dose,
eg by limiting the number of projections. Possible solutions
may be to use beam shutters to protect samples from
unnecessary exposure during readout or to artificially slow
down scans in order to allow the tissues to, at least partially,
self-repair ie regain chemical equilibrium after ionization.
In summary, raising the energy of the beam and employing
phase-retrieval was one important step to dose reduction,
but surely not the last.

CONCLUSIONS

1. The inner structure of intact rose peduncles was
successfully investigated using synchrotron X-ray imaging.
With its high resolution, SXCuT is well applicable for the

non-destructive three-dimensional imaging of plant mate-
rial. Hence, this technique can help to clarify the involve-
ment of distinct structural differences in vascular bundle and
peduncle pith structure in the mechanisms determining the
different vase life of the rose cultivars studied.

2. During continuous investigation of intact plant sam-
ples by SXCuT, it is necessary to take into account the poten-
tial damaging effects of the irradiation. Synchrotron X-radia-
tion seems to induce two different types of damage on irra-
diated plant samples. Within a few hours there is a very rapid
and direct physical destruction of cell walls. In addition,
a slow and delayed destruction of the tissue occurs, which
may be of related to direct effects on metabolic pathways
such as photosynthesis.

3. SXCuT is a valuable tool for the non-invasive ana-
lysis of plant microstructures. Due to the high photon fluxes
and energy of the synchrotron X-ray beams, however, that
are currently still necessary for high-resolution imaging, plant
tissues may be severely damaged during CT scans. This may
limit the use of this method in continuous investigation.
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