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Summary

� Leaf venation networks mediate many plant resource fluxes and are therefore of broad

interest to research questions in plant physiology, systematics, paleoecology, and physics.

However, the study of these networks is limited by slowand destructive imagingmethods. X-ray

imaging of leaf veins is potentially rapid, of high resolution, and nondestructive.
� Here, we have developed theory for absorption- and phase-contrast X-ray imaging.We then

experimentally test these approaches using a synchrotron light source and two commercially

available X-ray instruments.
� Using synchrotron light, we found that major veins could be consistently visualized using

absorption-contrast imaging with X-ray energies < 10 keV, while both major and minor veins

could be consistently visualized with the use of an iodine contrast agent at an X-ray energy of

33.269 keV. Phase-contrast imaging at a range of energies provided high resolution but

highlighted individual cell walls more than veins. Both approaches allowed several hundred

samples to be processed per d. Commercial X-ray instruments were able to resolve major veins

and some minor veins using absorption contrast.
� These results show that both commercial and synchrotron X-ray imaging can be successfully

applied to leaf venation networks, facilitating research in multiple fields.

Introduction

Hidden beneath the surface of every leaf is an intricate and beautiful
network of veins (Ettingshausen, 1861). This network is built from
lignified xylem and phloem tissue and serves multiple functions,
including transport of water and sugars, mechanical support, and
herbivory resistance (Roth-Nebelsick et al., 2001). Because of this
diversity in form and function, these networks are of interest to a
wide range of fields. For systematics and evolutionary biology, veins
can be useful for taxonomy (Ellis et al., 2009) and for studying
climate change and macroevolutionary trends (Boyce et al., 2009;
Brodribb&Feild, 2010; Feild et al., 2011). For plant physiologists,
veins are key to understanding hydraulics and carbon fluxes (Sack
& Holbrook, 2006; Brodribb et al., 2007; Niinemets et al., 2007;
Sack et al., 2008; McKown et al., 2010; Blonder et al., 2011). For
paleoecology, venation networks may be a useful proxy for climate
reconstruction (Manze, 1967; Uhl & Mosbrugger, 1999). For
developmental biologists, veins are key to understanding vascular
patterning and tissue differentiation (Candela et al., 1999;
Scarpella et al., 2010; Sack et al., 2012). For physical scientists,
veins provide an insight into the general properties of network
formation, resource distribution, and redundancy (Turcotte et al.,

1998; Couder et al., 2002; Noblin et al., 2008; Corson, 2010;
Katifori et al., 2010; Price et al., 2011b).

Despite broad scientific interest, the study of leaf venation
networks has been limited by the difficulty in obtaining high-
resolution images. The study of leaf veins is often data-limited (e.g.
Price et al., 2011b) because contemporary visualization methods
(Ellis et al., 2009; Horn et al., 2009) are slow and destructive,
requiring multiple days of incubation and several different
chemical treatments. Note that these methods are an advance over
historical methods that relied on multi-month degradation of
tissues in water (Seba, 1729; Parrish, 1863), or the application of
exotic chemicals such as arsenic sulfide (Hill, 1770). Nevertheless,
developing faster and less destructive methods to visualize and
measure venation networks is a major challenge for the field.

We test the hypothesis that X-ray imaging can greatly increase
the speed and reliability of imaging leaf venation networks. X-rays
are photons with energies in the range of 102–106 eV, which is far
higher than the 1.7–2.9 eV range of visible light. The light–matter
interactions that occur at this energy range are different than for
visible light. As a result, there are three useful properties of X-rays
for imaging: leaves suffer minimal long-term damage from short
exposure to X-rays, enabling reuse of samples for other
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applications; X-rays penetrate deeply, enabling imaging of thick or
pubescent leaves without special preparation; high-flux X-ray
sources and efficient X-ray detectors enable rapid imaging.

We have developed a theory for phase and absorption-contrast
X-ray imaging, and experimentally test this theory on a wide range
of leaves prepared with and without an iodine contrast agent. We
focused our investigation on X-ray synchrotron light sources (large
particle accelerators that generate X-rays through the interaction of
relativistic electronswith highmagnetic fields).We also assessed the
imaging properties of commercially available X-ray systems and
compared these methods with extant chemical approaches.

Description

X-ray imaging theory

The interactions of X-rays with matter can be described approx-
imately in terms of the propagation of a plane electromagnetic
wave. The amplitude of this wave is proportional to Re

�
e
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k0
ðnz�ct Þ�

,
where Re denotes the real part of a complex number, k0 is the
vacuum wavelength of the light, c is the vacuum speed of light, z is
the thickness of the material, t is the time, and n is the material’s
refractive index. If we arbitrarily partition n in terms of a real and
complex component, 1 – d – ib, then the previous formula
becomes e
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ð1� ct � dÞ�. Thus, the real component, d,
determines phase shifts, whereas the imaginary component, b,
determines absorption. Thus the ratio d/b measures the relative
strength of phase and absorption effects for amaterial across photon
energies, indicating appropriate imaging approaches. Values of d
and b are controlled by the density of the material as well as energy
and atomic number-dependent processes such as photoelectric
absorption, Compton scattering, and Rayleigh scattering (Seibert
& Boone, 2005; Zhou & Brahme, 2008). For the low-atomic-
number materials that comprise most biological tissue, b is small
and decreases rapidly with increasing photon energy (Hubbell &
Seltzer, 2004). However, d can be high in magnitude and also
display wide variability across the X-ray energy range (Fig. 1). For
high-atomic-number materials, the value of b can show wide
variation as a result of resonant absorption at certain energies. For
example, iodine has a Ka-resonance (‘K-edge’) at 33.169 keV,
corresponding to a 2p?1s electronic transition. Low-atomic-
number materials have Ka-resonances at much lower energies that
are not easily accessed for imaging. Moreover, such low-energy
photons have a very low probability of penetrating a thick leaf
sample.

Image contrast is achieved by detection of spatial variation in a
sample’s refractive index, asmodulated by the thickness and density
of the sample. Two approaches (phase- and absorption-contrast
imaging) can be used depending on the X-ray energy and sample
properties (Zhou & Brahme, 2008). To understand these two
approaches, consider an X-ray source that emits photons that
propagate a distance L before interacting with the sample, and that
then propagate a further distance d before reaching a detector
(Fig. 2). In absorption-contrast imaging, the detector is placed
behind the sample. For coherent or monochromatic photon
sources (e.g. synchrotron light sources), the geometry is chosen

such that that d� L, which minimizes interference patterns
generated from phase-shifted light and maximizes intensity
variation as a result of absorbed or transmitted light. For incoherent
or polychromatic photon sources (e.g. X-ray tube sources), phase
shifts are undetectable and absorption effects necessarily dominate
regardless of d or L. Regardless, the intensity I of the image formed
at the detector directly reflects spatial variation in total absorption,
which is related to the sample’s b and thickness τ via the Beer–
Lambert law: I/ exp [–4pbτ/k0] (Fig. 3a) (Zhou & Brahme,
2008). Alternatively, in phase-contrast imaging, the detector is
placed at a larger distance behind the sample, so that d < L. This
geometry permits Fresnel diffraction past the sample and generates
an interference pattern at the detector (Fig. 3b) that reflects only
spatial variation in d (for the theory, see Cowley, 1995; Snigirev
et al., 1995; Weon et al., 2006). For a certain value of d, varied
experimentally, the intensity of the interference pattern can result
in useful edge enhancement. Thus, by simply varying the sample–
detector distance d, an investigator can easily produce both phase-
and absorption-contrast images.
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Fig. 1 The relative strength of phase to absorption contrast, d/b, is
determined by a material’s complex refractive index, 1 – d – ib. In soft
biological tissue (dashed line), phase contrast dominates absorption contrast
at a wide range of X-ray energies. However, the introduction of a heavy
element such as iodine (solid line) can increase the relative strength of
absorption contrast near atomic resonance energies (e.g. above the iodine
Ka edge at 33.169 keV).Data for this figure come from transformed (Zhou&
Brahme, 2008) X-ray mass-attenuation coefficients (Hubbell & Seltzer,
2004).

Monochromator SampleSynchrotron light source
(bending magnet)

Scintillation crystal 
and detector

L d

Fig. 2 Geometry for synchrotron X-ray imaging. Collimated X-rays are
generated through the interaction of relativistic electrons with a bending
magnet. A single X-ray energy is selected via Bragg diffraction by varying the
angle of a double crystal monochromator. After propagating a distance L,
monochromaticX-rays interactwith the sampleand thenpropagatea further
distance d before being absorbed by a scintillation crystal and re-emitted as
visible photons that are imagedbyadetector. Ford� L, absorption-contrast
images are obtained, while for some d < L, phase-contrast images are
obtained. In medical and microfocus X-ray computed tomography (micro-
CT) X-ray instruments, the monochromator and scintillation crystal are
absent, and X-rays leave the source over a much wider angular range.
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Desirable imaging system properties

The theory described in the previous section provides guidelines
for X-ray imaging of leaf venation networks. Because leaves
comprise elements with low atomic numbers, absorption
contrast should be weak across the X-ray energy range but
stronger at low photon energies, with contrast arising from the
greater thickness and/or higher density (i.e. b) of veins relative to
nonvascular tissue. To improve absorption contrast, leaf veins
could be stained with a high-atomic-number contrast agent such
as iodine, and imaging could proceed at a photon energy
corresponding to an electronic resonance of the contrast agent.
Iodine and iodine salts are soluble in water and are commonly
used as medical contrast agents (Freudenberger et al., 2001). For
monochromatic photon sources, the geometry of the imaging
system should also satisfy d� L. Alternatively, phase contrast
should highlight cellular structure in low-atomic-number sam-
ples, be strong at a range of photon energies, and not require a
contrast agent. In this case, a monochromatic photon source
should be used and the geometry of the imaging system should
satisfy d < L. An ideal X-ray imaging system should meet two
additional constraints. Desirable properties include both high
brightness (photons second−1, solid angle−1, source area−1, energy
bandwidth−1) so that collimated photons reach the sample at a
high rate, ensuring fast and low-noise imaging, and also a tunable
monochromatic beam, so that photons of a chosen energy can be
used to maximize contrast, especially in absorption imaging.

Commercially available X-ray systems have previously been used
for imaging plants for artistic (Raikes, 2003) and scientific projects
(Pechan&Morgan, 1983;Wing, 1992). Medical diagnostic X-ray
instruments are easy to find but are limited by a reliance on X-ray
tube sources (which generate a polychromatic beam), film or
phosphor detection (which both require a slower development
process). More recently, submillimeter-resolution computed
tomography (micro-CT) systems are also becoming available at
low cost.While these systems do not have monochromatic sources,

or d� L, they do offer digital X-ray detection, high resolution, and
a wide range of energy spectra. Tube voltages of c. 60 kVp can
generate a photon energy spectrum (0–60 keV) that will cover the
iodine K-edge. Thus, absorption imaging with iodine contrast may
still be possible. These systems have previously been used for a range
of biological-imaging applications (Stuppy et al., 2003; Lee &
Kim, 2008; Brodersen et al., 2011).

Synchrotron light sources have properties closely matched to an
ideal imaging system. They can have much higher brightness (by a
factor of up to 1010) than tube sources because of their large size and
a variety of relativistic effects (Attwood, 2007). They also can
produce photons with a narrow energy bandwidth via the use of
crystal monochromators. It is easy to achieve d� L, because L is
typically on the order of 50 m.Andfinally, rapid imaging is possible
using charge coupled device (CCD)/complementary metal oxide
semiconductor (CMOS) flat-panel arrays that detect photons
emitted by scintillation crystals that absorb X-rays and re-emit
them as visible light, or using ‘direct detection’ flat-panel
semiconductor arrays doped with high-atomic-number elements
that absorb high-energy photons. Because of these strengths,
synchrotron light sources have been used for a range of imaging
applications requiring high temporal and spatial resolution for soft-
tissue samples (Westneat et al., 2003; Socha et al., 2007;Hwu et al.,
2008). The downside of these facilities is their lower accessibility
relative to commercially available X-ray systems.Nevertheless, over
70 of these light sources have been built around the world, many of
which have beamlines that are suitable for this type of imaging.
Beamline sources typically solicit proposals from researchers for
experiments to be performed and, once approved, the experiments
may be performed at no cost. A list of facilities and a guide to
their use is available at http://www.lightsources.org/cms/?pid=
1000098 and http://en.wikipedia.org/wiki/List_of_synchrotron_
radiation_facilities.

Methods

We made images of leaf venation networks using three different
X-ray sources (synchrotron, medical diagnostic, and micro-CT).
For the synchrotron, we used the US Department of Energy’s
Advanced Photon Source (APS) at Argonne National Laboratory
(Argonne, IL, USA). For the medical diagnostic X-ray, we used an
instrument at the University of Arizona’s College of Medicine. For
themicro-CT,we used an instrument at theUniversity of Arizona’s
Radiology Research department. Using these instruments, we
varied imaging geometry for absorption and phase contrast. We
also tested the effect of the presence/absence of an iodine contrast
agent. These experiments are summarized in Table 1.

Synchrotron: absorption- and phase-contrast imaging with
no iodine contrast agent

We collected 408 leaves from 44 woody and herbaceous species
spanning a wide climate gradient in the Colorado Rocky Moun-
tains. Each of these leaves was pressed flat and dried at 60°C for at
least 3 d, after which a 59 5 mm2 section was cut from the lamina
of each leaf using a razor blade.

(a)

(b)
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Fig. 3 Contrast mechanisms generate unique spatial distributions of image
intensities. Here, predictions are shown for a rectangular object (in red).
(a) For phase contrast, Fresnel diffraction over a small object–detector
distanceyields an intensitydistribution that can showedgeenhancement. (b)
For absorption contrast, X-ray propagation over a minimal object–detector
distance yields an intensity distribution corresponding to the outline of the
object.
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We then imaged these samples at APS’s 2-BM beamline during
November 2010 in under 2 d. The beamline uses a bendingmagnet
with a double-bounce, multi-layer monochromator to produce
high-brightnessmonochromatic X-rays. Each samplewasmounted
on small aluminum platform using modeling clay; these platforms
were then rapidly transferred by robotic arm to a translation stage
placed in the beampath. X-rays were converted to visible light using
a lutetium aluminum garnet (LuAG) scintillation crystal and then
imaged using a 49 microscope objective and 20489 2048 pixel
12-bit CCD array. The system’s final resolution was 1.66 lm
pixel–1. We fixed L at 55 m while varying d from 0.01 to 0.10 m,
and varied the X-ray energy from 7 to 30 keV.

For each sample a bright field (with sample), flat field
(no sample), and dark field (no X-rays) were obtained with a
maximum exposure time of 450 ms. A final image was calculated as
(bright – dark)/(flat – dark) and then local contrast was further
enhanced using a contrast-limited adaptive histogram equalization
(Zuiderveld, 1994).

Synchrotron: absorption- and phase-contrast imaging with
iodine contrast agent

We collected 599 leaves from 37 species and natural hybrids in the
silversword alliance spanning a wide climate gradient on the
Hawaiian Islands (Carlquist et al., 2003). The analysis of these taxa
will be the subject of a forthcoming publication. Eachof these leaves
was pressed flat and dried at 60°C for at least 2 d. A 59 5 mm2

section was cut from the lamina of each leaf using a razor blade.
We applied iodine contrast agent to each leaf section by

transferring the leaf sample to a Petri dish filled with 5 ml of 2%
iodine, 4% potassium iodide (w/v) dissolved in water. We covered
samples and incubated them at room temperature for 2 d before
blotting them dry and pressing them flat in envelopes. To facilitate
rapid imaging, we then sandwichedmultiple samples in aluminum
frames between 13 lm Kapton polyimide films (an X-ray-trans-
parent plastic).

We then imaged these samples at APS’s 13-BM-D beamline
duringOctober 2011 (Fig. 4) in under 2 d.Monochromatic X-rays
were produced using a bending magnet and a double-bounce Si
(111) crystal monochromator. Wemounted the aluminum frames
containing multiple leaf samples to a translation stage placed in the
beam path. A LuAG scintillation crystal was used to convert X-rays
to visible light photons, which were imaged on to a 13929 1040

pixel, 12-bit CCD ray by a 59magnificationmicroscope objective.
The system’s final resolution was 3.56 lm pixel–1. We fixed L at
55 m, varied d from 0.01 to 0.20 m, and varied the X-ray energy
from 10 to 60 keV.

For each sample, we obtained 10 bright fields and flat fields with
a maximum exposure time of 1700 ms; we then averaged these
images to reduce noise. A final image was calculated as (bright
average – dark)/(flat average – dark), assuming a constant dark
intensity of 100 counts pixel–1. A larger image was then created by
stitching images createdby repeating the procedure after translating
the sample to four different locations. Local contrast was further
enhanced using a contrast-limited adaptive histogram equalization
(Zuiderveld, 1994).

Medical diagnostic X-ray: absorption-contrast imaging
with no iodine contrast agent

We collected leaves from two species grown at the University of
Arizona campus arboretum. We immediately placed a leaf in the
chamber of a specimen radiography system (Bioptics, Pixarray 100)
intended for breast biopsies. The system generates polychromatic
X-rays with a 1 mA tube source. Imaging geometry is fixed with

Table 1 Summary of instruments tested and experiments performed

Experiment System

Contrast type
Contrast
agent used

Synchrotron light
source (3.5 lm resolution)

Medical diagnostic X-ray
(50 lm resolution)

Micro-CT X-ray
(15 lm resolution)

Absorption No Figs S1, S2 Fig. 6 x1

Absorption Yes Fig. 5, Fig. S3 x2 Fig. 7
Phase No Fig. S1 x3 x3

Phase Yes Fig. S3 x3 x3

Some experiments were not possible because of X-ray tube limitations (x1, low-energy beam not available; x2, high-energy beam not available;
x3, monochromatic beam not available).

Fig. 4 Leaves being imaged with synchrotron X-rays at beamline 13-BM-D
at the Advanced Photon Source. A collimated beam of X-rays incident
from the left of the image passes through a leaf sample before being
absorbed and re-emitted as green light by a scintillation crystal. This visible
light is reflected by a mirror toward a lens and charge coupled device
(CCD) camera. In this configuration, 20 leaf samples can be automatically
imaged before any human intervention is needed.
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L� 0.3 m and d� 0.01 m. X-rays are detected digitally with a
nominal 50 lm pixel–1 resolution. For each leaf, we varied tube
voltage from 10 to 40 kVp, which yields an X-ray energy spectra
peaking between 5 and 20 keV. We chose exposure times that
minimized noise (up to 19 s, the longest permitted by integrated
dose-restriction software). Images were automatically processed by
integrated software, and no further enhancement was performed.

Micro-CT X-ray: absorption-contrast imaging with iodine
contrast agent

Weprepared leaves with an iodine contrast agent by soaking each in
a glass jar filled with 100 ml of 2% iodine, 4% potassium iodide
(w/v) dissolved in water. We covered samples and incubated them
at room temperature for 2 d before blotting them dry and pressing
them flat in envelopes. We immediately placed each leaf in the
sample holder of an X-ray computed tomography system (FaCT;
Moore, 2011). The system generates polychromatic X-rays using a
tungsten-anode, cone-beam-emission X-ray source. The X-ray
tubemay be operated at a voltage range of 20–130 kVp for currents
up to 0.5 mA. The imaging geometry of the system is variable. The
source-to-detector distance, L + d, is fixed at 270 mm. Geometric
magnification (Wing, 1992) is achieved by varying the distance
between the source and object, L, between 25 and 245 mm. The
magnification factor achieved is given by (L + d)/L, such that
magnification factor increases by decreasing L. The system uses a
20489 1024 pixel, 12-bit silicon CMOS detector coupled to a
gadolinium oxide scintillator crystal to detect the incident X-ray
photons. With geometric magnification, the effective resolution
increases to a maximum of c. 15 lm (limited by the effective size of
the focal spot of emittedX-rays from the anode). Since the diameter
of the focal spot increases linearly with the power at which the tube
is operated, we chose a very low operating current of 0.15 mA to
maximize resolution. To offset the low photon flux by the small
focal spot size, we set the exposure time to 6.7 s, the maximum
allowed by the data-acquisition software. Local contrast was further
enhanced using a contrast-limited adaptive histogram equalization
(Zuiderveld, 1994).

Results

Synchrotron X-ray imaging

Leaf venation imaging without an iodine contrast agent at 2-BM
produced images with a wide quality range. Energies above 20 keV
resulted in low-contrast images for both phase and absorption
contrast. However, at lower energy (8 keV), high-contrast images
were obtained (Supporting Information, Fig. S1). It is likely that
better images would be obtained at even lower energies, but the
design of the beamline’s crystal monochromator prevented lower
energies from being used. The best absorption-contrast images
were obtained at d = 0.01 m, the smallest distance permitted by the
geometry of the beamline. The best phase-contrast images were
obtained at d = 0.045 m. While absorption images highlighted
major and minor veins, phase images also generated contrast from
individual cell walls. Thus, phase contrast was high but not

necessarily useful for this application. In general, image contrast for
absorption-contrast images was uneven (Fig. S2). Some samples
showed clear detail of the leaf’sminor venation,whereas others only
showed major veins. Veins were also sometimes obscured by
trichomes or blurring from multiple layers of cells. Moreover,
lateral veins in one Poa species were not quite visible.

Imaging with an iodine contrast agent at 13-BM produced
consistently high-quality images (Fig. S3). We found that absorp-
tion contrast was highest at 33.269 keV (100 eV above the iodine
Ka edge) but was also sufficient at lower energies. The best
absorption-contrast images were obtained at d = 0.01 m, the
smallest distance permitted by the geometry of the beamline. The
best phase-contrast images were obtained at d = 0.20 m. Here,
phase-contrast imaging successfully highlighted details of major
and minor veins but also highlighted cell walls. Thus, although
resolution for phase-contrast imaging was very high, this contrast
was also not necessarily useful. Generally, absorption-contrast
imaging at the iodine Ka edge provided consistently high-quality
images (Fig. 5) for a range of very different species. This result is
remarkable given that leaf thicknesses of silversword alliance species
can exceed 3000 lm (e.g. Argyroxiphium sandwicense, shown in
Fig. 5d).

Commercially available X-ray imaging

The medical diagnostic X-ray instrument obtained the best results
for leaves with no contrast agent using a tube voltage of 15 kVp, a
1 mA tube current, and a 19.1 s exposure. In both species, major
veins were clearly visible butminor veins could not be distinguished
(Fig. 6) because of the fundamental resolution limit of the
instrument. Because of this limitation we did not pursue this
approach further.

The micro-CT instrument obtained the best results for leaves
with a contrast agent using a tube voltage of 65 kVp, a tube current
of 0.15 mA, and a 6.7 s exposure. In both species investigated, all
major and minor veins were clearly visible (Fig. 7). However, the
connectivity of theminor venation remained difficult to determine.

Discussion

At the synchrotron facility, we were able to process hundreds of
samples d–1 with minimal human effort owing to short X-ray
exposure times and computer-controlled sample loading. We
found that absorption-contrast imaging provided high contrast for
major veins in all species and for minor veins in some species at
energies of < 10 keV. With the use of an iodine contrast agent, a
high contrast for major and minor veins was achieved in all species
at 33.269 keV.We also demonstrated that this contrast agent could
be easily applied via a simple immersion procedure. Finally, we
found that, although phase-contrast imaging provides highly
detailed images, it is more suited to imaging of cell wall boundaries
than to imaging of venation networks. Phase-contrast imagingmay
be of more use for thinner botanical samples where details of
cellular structure are of interest. However, this entire approach
requires that samples and investigators travel to a synchrotron light
source, which may be cost-prohibitive for small projects.
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In practice, commercially available X-ray systems could be useful
for many biological applications. Most medical diagnostic X-ray
instruments operate at low voltage (< 20 kVp) and have sufficient
resolution for imaging of major veins with no contrast agent.

Because major vein architecture tends to be evolutionarily
conserved and useful for taxonomy (Ellis et al., 2009), these
instruments could be useful for rapid assay of herbarium samples or
field collections in comparative projects. By contrast, micro-CT
systems have different practical tradeoffs. Most instruments have
X-ray tubes that only operate at high voltages (> 40 kVp), requiring
leaves to be treated with a contrast agent before imaging. However,
resolution is often much better than in medical diagnostic X-ray
systems. Although our micro-CT experiments were unable to
resolve the connectivity of the minor venation, this was only
because physical constraints in the design of this instrument
prevented higher geometric magnification (and resolution) from
being reached. Moreover, measurements of minor vein density
(which are important for a range of questions; Brodribb et al.,
2010) do not require the resolution tomeasure vein connectivity, so
this resolution is likely sufficient for many applications. Other
micro-CT instruments should be able to surmount this resolution
issue – for example, some industrial nondestructive-test CT
systems (e.g. Xradia VersaXRM) can achieve c. 900 nm resolution.
However, the downsides include a small field of view, because of the
limited pixel count of flat-panel detectors, and very long exposure
times, because small focal spot sizes require very low tube currents
and thus X-ray fluxes. (Phase-contrast imaging is generally not
possible in either micro-CT or medical diagnostic X-ray systems,
because of nonmonochromatic spectrum of the X-ray source and
size limitations on L and d.)

Imaging speeds for synchrotron and commercially available
systems are approximately equivalent. Using both types of
instruments, we were able to image each sample in < 1 min. This
is a notable improvement over the multi-min or multi-h botanical

Fig. 6 Example leaf X-rays obtained from a medical diagnostic X-ray
instrument. The tube voltage was set to 15 kVp, yielding polychromatic
X-rays with peak energies of c. 8 keV. For a tube current of 1 mA these
images were obtained with a 19.1-s exposure. Bar, 1 cm. The inset box
shows maximum detail obtained for the left leaf.

(a) (b)

(c) (d)

Fig. 5 Example synchrotron images for a range of species imaged with iodine contrast agent using absorption contrast (d = 0.01m) at 33.269 keV. In this
configuration, imaging of veins was consistently successful. (a) Dubautia knudsenii ssp. knudsenii (Asteraceae); (b)Wilkesia gymnoxiphium (Asteraceae);
(c) Dubautia latifolia; (d) Argyroxiphium sandwicense ssp. sandwicense (Asteraceae). Bars, 1 mm.
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X-rays of previous decades (Wing, 1992) that relied on film instead
of digital X-ray detection. Thus, we suggest that micro-CT
instruments could be useful for imaging of the minor venation
network and its connectivity, enabling more rapid assay of minor
vein density and other physiologically important traits for a range of
research aims (Brodribb et al., 2010). Future instruments may
surmount these practical issues and provide a wider energy range
and higher resolution.

We suggest that investigators interested in using X-ray imaging
at a medical or micro-CT X-ray instrument can try the imaging
systemparameters provided here and easily determine if that system
will provide sufficient resolution and speed for their application.
Our experience is that most instruments built in the last 5 yr will
have digital detection systems with adequate resolution, but that
older ones (especially phosphor-based systems) will not. The
resolution we achieved with micro-CT systems is slightly lower
than what is possible using film detection (Wing, 1992), but with
the advantage of amuchhigher speed andno consumablematerials.

Synchrotron light sources can address leaf-related research
questions that are fundamentally inaccessible to micro-CT or
medical diagnostic X-ray systems. Synchrotron imaging can enable
real-time study of transport processes in biological networks. For
example, studies of vascular development (Scarpella et al., 2010),
xylem refilling (Lee & Kim, 2008), long-distance signaling in the
phloem (Van Bel, 2003), water re-routing after damage (Katifori
et al., 2010), or apoplastic water transport (Canny, 1995) could be
achieved via nondestructive X-ray videography using tracers such as
iodine or gold nanoparticles. Frame rates of several hundred

images s–1 can be achieved if a polychromatic beam is used. But
some caution should be taken, because the long-term effects of
high-X-ray fluxes on living plants are unclear (Simak&Gustafsson,
1953; Sax, 1955; Pechan & Morgan, 1983). Note also that the
imaging systems described here are fundamentally limited to a
spatial resolution of ~1 lm because of the material properties of
scintillation crystals, flat panel detectors, or film (Martin & Koch,
2006). While this resolution is easily sufficient for our application,
resolutions of 40 nm (c. 10 times better than the diffraction limit
for visible light) can be achieved using zone plate optics that directly
focus or magnify X-rays (Kirz et al., 1995; Chu et al., 2008).

It is important to note that imaging of leaf venation networks is
usually done with the goal of making quantitative measurements of
the network (e.g. density of minor veins, or frequency of secondary
vein reconnection; Ellis et al., 2009; Blonder et al., 2011; Price
et al., 2011b). These statistics can be estimated from images
through semi-automatic image-analysis methods (Rolland-Lagan
et al., 2009; Price et al., 2011a; Dhondt et al., 2012) or hand-
tracing.However, our study’s novelty is in the imaging (rather than
image analysis) part of this process.We do note that the absorption
images made with or without iodine on synchrotron or micro-CT
instruments should have sufficient contrast to be useful for this
process. As an example (Fig. S4), we show example tracings and
measurements of vein density (a commonly measured statistic;
Brodribb et al., 2010) for the images presented in Fig. 5.

X-ray imaging compares favorably with existing chemical-
preparation methods for visualizing leaf venation networks (Ellis
et al., 2009; Blonder et al., 2011). Images of equivalent resolution
and contrast can be produced without destructive chemical
digestion and slide mounting. Imaging throughput is also much
greater. Broadly, our results indicate that commercially available
X-ray systems can be used rapidly and nondestructively to make
images of leaf venation networks that resolve major veins well and
minor veins adequately. Moreover, synchrotron light sources can
provide very high-resolution images for detailed imaging of minor
veins and likely have great potential for more demanding
applications, including cutting-edge questions about xylem and
phloem transport. These approaches, coupled with future devel-
opments in X-ray imaging technology, should improve research
productivity for the study of vascular networks in biology, and a
range of applications in plant anatomy, physiology, ecology, and
comparative botany.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article.

Fig. S1 Comparison of phase and absorption contrast from a leaf
without iodine contrast agent.

Fig. S2 Example synchrotron images for a range of species imaged
without iodine contrast agent using absorption contrast.

Fig. S3Representative synchrotron images from leaves with iodine
contrast agent.

Fig. S4 Vein measurements for the images shown in Fig. 5.
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