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A new method for extracting quantitative information 
from phase-contrast x-ray images obtained with micro- 
focus x-ray sources is presented. The proposed tech- 
nique allows rapid noninvasive characterization of the 
internal structure of thick optically opaque organic 
samples. The method does not generally involve any 
sample preparation and does not need any x-ray 
optical elements (such as monochromators, zone 
plates, or interferometers). As a consequence, samples 
can be imaged in vivo or in vitro, and the images are 
free from optical aberrations. While alternative tech- 
niques of x-ray phase-contrast imaging usually require 
expensive synchrotron radiation sources, our method 
can be implemented with conventional, albeit microfo- 
cus, x-ray tubes, which greatly enhances Ÿ practical- 
ity. In the present work, we develop the theoretical 
framework, perform numerical simulations, and pre- 
sent the first experimental results, demonstrating the 
viability of the proposed approach. We believe that 
this method should find wide-ranging applications in 
clinical radiology and medical research. 
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S INCE THE ORIGINAL DISCOVERY by W.C. 
R(Jntgen in 1895, x-ray imaging has played a 

prominent and ever-expanding role as ah analytical 
method in science, industry, and medical practice. 
The property of x-rays that sets them apart from 
most alternative techniques, is their ability to image 
the internal structure of thick optically opaque 
samples in their native state. Another important 
property is their direct sensitivity to chemical 
composition of the sample. In some cases, the 
dependence of x-ray image contrast on density or 
chemical composition can be quantified, and ex- 
amples of such quantitative imaging are given in 
the present report. 

From the practical point of view, the relative ease 
with which x-rays with useful energies can be 
generated and detected is also of crucial impor- 
tance. Recently, impressive advances in x-ray sci- 
ence and applications have been achieved with the 
use of synchrotron radiation sources. Synchrotrons 
can generate x-rays with some desirable properties, 
for example, monochromatic and spatially coherent 
bearns with extremely high brightness and tunable 
energy, but the average cost of a third-generation 
synchrotron is usually of the order of hundreds of 
millions of dollars. In the present report, we 
demonstrate that at least some of the applications 
previously considered possible only with synchro- 

tron radiation can in fact be realized in the labora- 
tory using conventional, albeit microfocus, x-ray 
sources. This may constitute a cost-reduction factor 
of the order of thousands in the basic instrument 
resources required. Moreover, we show that the use 
of microfocus laboratory sources results in some 
additional advantages not routinely available with 
synchrotron beamlines, such as inherent magnifica- 
tion of the image. 

During its first 100 years, x-ray radiography has 
primarily relied on differential absorption of x-rays 
asa mechanism of contrast formation. As x-rays are 
electromagnetic waves, they must in principle also 
exhibit wave effects, such as refraction and diffrac- 
tion. It is well known that R6ntgen himself tried to 
demonstrate such wave effects with x-rays, but without 
success. The reason for bis failure was, of course, the 
extreme weakness of refraction of x-rays in most 
mate¡ For the same reason, phase contrast has not 
been widely used in x-ray imaging until recently. In the 
second half of the 20th century, several methods have 
been developed for visualizing hard x-ray phase con- 
trast produced by noncrystalline samples. Initially, 
these methods involved near-perfect crystals as optical 
elements, as for exarnple, in x-ray interferometry 1,2 and 
single crystal-analyzer techniques. 3-5 More recently, the 
in-line method, which generally does not require any 
x-ray optics, has been suggested and implemented. 6-9 
The last method, which is close in p¡ to Gabor's 
in-line holography, l~ is used in the present report. In 
some cases, and particularly for soft tissue, x-ray 
phase-contrast imaging (PCI) can produce much 
stronger contrast than conventional absorption- 
based techniques. Combined with appropriate com- 
puter processing, PCI can also deliver some further 
benefits, such as rapid quantitative imaging in 
different rnodalities. It can also be easily merged 
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with conventional tomographic techniques leading 
to three-dimensional phase-contrast imaging. 

It should be noted, however, that compared with 
contact radiography, direct PCI images may be 
more difficult to interpret in terms of the sample 
features. Therefore, to achieve optimum informa- 
tion from in-line PCI images, interpretation, as a 
function of the properties of the source, the detec- 
tor, and the imaging layout, is essential. Such 
interpretation is a nontrivial step on the way from a 
collected PCI image through computer-assisted 
image processing to quantitative characterization 
of the sample. 11,12 In order to demonstrate the 
computer processing steps that must be taken to 
extract the maximum possible amount of reliable 
information from the image, a good understanding 
of the mechanism of x-ray image formation is 
required. The fundamentals of in-line PCI physics 
are briefly described in the next section. 

IN-LINE PHASE-CONTRAST IMAGE 
FORMATION 

The interaction of an x-ray beam with a noncrys- 
talline sample can usually be described in terms of 
line integrals of the complex refractive index, 
na(x, y, z) -- 1 - �91 - i[3a (h is the wavelength). 
The real part, �91 of the refractive index is respon- 
sible for refraction, while the imaginary part, [3a, 
determines absorption. Considera plane monochro- 
matic x-ray wave with unit intensity propagating 
along the direction of the optic axis z (Fig 1). Phase 
shifts, q~• y, 0), that the sample introduced into 
the transmitted x-ray beam are proportional to the 
projected values of the real part of the refractive 
index, while the distribution of the transmitted x-ray 
intensity immediately after the sample, Ia(x, y, 0), is 
proportional to projections of the imaginary part: 

ya(x, y, 0) = -(2~r/h) s  �91 y, z') dz', (1) 

Ia(x, y, 0) 

expl ~4~~~;~~~~xyz~O / ~~~ 

As conventional radiographs represent the absorp- 
tion maps, Ia(x, y, 0), they can only provide infor- 
mation about the imaginary part of the refractive 
index, and they are insensitive to its real part. 
Another important point to be noted is the different 
dependence of 13a and �91 on wavelength (energy) of 
x-rays: ~a - k4 and �91 - h2 away from absorption 
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Fig 1. Generic scheme of in-line imaging. 

edges. 13 Therefore, phase (refraction) effects domi- 
nate absorption effects at shorter wavelengths 
(higher x-ray energies). 

It is well known in medical radiography that an 
increase of the distance between the sample under 
examination and the x-ray detector (film) usually 
leads to blurring of x-ray images due to the finite 
size of the x-ray source. In the in-line method of 
PCI, the size of the x-ray source is significantly 
reduced (typically to <40 lam). This allows refrac- 
tion effects to be visualised and provides informa- 
tion about the dist¡ of the real part of 
complex refractive index in the sample. To opti- 
mize phase contrast, a significant distance (of the 
order of 0.1 to 1 m) between the sample and the 
detector is typically required in PCI using hard 
x-rays with wavelength of the order of 1 ,~ of 
shorter (energy - 10 keV or higher). 

The formation of phase contrast in PCI can 
normally be described by the transport of intensity 
equation (TIE):I4-I7 

- V .  [la(x, y, 0)Vq~a(x, y, 0)] 
(3) 

= 2rr/(Rh)[Ix(x, y, R) - Ia(x, y, 0)], 

where V = (0x, 0y) is the gradient operator and R is 
the object-to-detector distance (in the case of a 
point source, R is replaced by R1R2/(R1 -I-R2), 
where R~ is the source-to-object distance and R2 is 
the object-to-detector distance, see Fig 1 and 
Wilkins et al8). 

Equation 3 implies that the contrast of images 
collected at some distance from the object is 
proportional to that distance and to the magnitude 
of phase shifts introduced by the sample into the 
transmitted x-ray beam. As the contrast is actually 
proportional to derivatives of the phase dist¡ 
in the object plane, in practice, PCI images often 
display naturally "edge-enhanced" contrast. While 



QUANTITATIVE METHODS IN PHASE-CONTRAST X-RAY 123 

the presence of characteristic sharp black-white 
fringes at the regions corresponding to rapid change 
of refractive index can be useful for detection of 
particular features in the sample, in general it 
means that the relationship between the refractive 
index and the image contrast in PCI is more 
complicated than in conventional radiography. This 
calls for the application of approp¡ 'reconstruc- 
tion' techniques. 

From Equation 3 it follows that in the case of a 
nonabsorbing sample (k(x, y, 0) --- Ix(0)), the pro- 
jected distribution, q~x(x, y, 0), of �91 can be ob- 
tained by "inverse-Laplace" filtering of a single 
PCI image intensity, Ix(x, y, R). 16 In the general 
case, the projected values of both the real and 
imaginary parts of the refractive index can be 
obtained from Equation 3, where there ate two 
unknown distributions, Ix(x, y, 0) and q0x(x, y, 0). 
Consequently, at least two different images are 
required for the unambiguous reconstruction of the 
projected complex refractive index. Such images 
can be collected at two different distances, R and 
R + �91 from the sample. 16-18 As it follows from 
Equation 1, the reconstructed phase images may be 
identified with quantitative maps of projected distri- 
bution of the real part of the complex refractive 
index. In medical radiography, these maps can be 
used directly to determine the projected spatial 
dist¡ of density in the samples. 

It has been demonstrated that a high spatial 
coherence of x-rays is the only critical prerequisite 
for PCI, while the tolerance to spectral incoherence 
(polychromaticity) is much higher. • At synchro- 
trons, a high degree of coherence (collimation and 
monochromaticity) of x-rays is achieved by means 
of highly sophisticated methods of x-ray produc- 
tion. As far as the spatial coherence is concerned, 
one can view a laboratory microfocus x-ray source 
a sa  cheap and efficient alternative to synchrotron 
radiation. 

PCI IMAGES AND THEIR PROCESSING 

First, we demonstrate how the image processing 
in accordance with the presented theory can be 
used to analyze PCI images. Figure 2A is an image 
of a polystyrene sphere of approximately 118 lam in 
diameter obtained at the European Synchrotron 
Radiation Facility (ESRF) using x-rays with energy 
E = 19.6 keV (~ ~ 0.63 ~k). 19 The image was 
collected at R = 15 cm object-to-detector distance. 
A corresponding contact radiograph showed no 

B 

Fig 2. (A) Experimental in-line image of a polystyrene 
sphere (image obtained by C. Raven at ESRF ID 22). (B) 
Phase-reconstructed image of the polystyrene sphere shown 
in (A). 

absorption contrast, ~as 118 lam of polystyrene has 
negligible (0.25%) absorption at the chosen X-ray 
energy. Therefore, all of the contrast visible in Fig 
2A is phase contrast. The strong black-white fringes 
near the edges of the sphere and the supporting pin 
correspond to the phase Laplacian as predicted by 
Equation 3. Some defects (air bubbles) are clearly 
visible in the interior of the sphere. On the other 
hand, the overall shape (thickness variation) cannot 
be directly determined from Fig 2A. Figure 2B 
shows an inverse-Laplace filtered version of Fig 
2A. According to Equation 3, Fig 2B displays the 
variations of the phase, cpx(x, y, 0), in the object 
plane, or, equivalently, the projected values of the 
real part of the refractive index distribution in the 
sphere. The values of the phase shifts obtained 
from Fig 2B ate in a very good agreement with the 
theoreticat estimation obtained using Equation 1 
for ah ideal polystyrene (�91 = 6.1 • 10 -7) sphere 
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with 118 pro diameter and radiation E = 19.6 
keV. 19 Therefore, processing of an in-line x-ray 
image in accordance with the theory of PCI con- 
trast formation allows one to obtain some important 
qualitative information (eg, the true shape), as well 
as quantitative data about the internal composition 
of the sample. 

The remaining images were obtained using a 
laboratory microfocus x-ray source (Feinfocus R6nt- 
gen-Systeme GmbH, Garbsen, Germany, Model 
FXE-225.20 with W target, operating at V = 30 
kV) and Fuji Imaging Plates scanned using BAS- 
5000 as detection media. The very large linear 
dynamic range of Imaging Plates makes them 
suitable for quantitative in-line PCI. Figure 3A 

shows human finger bones with many fine details 
of trabecular structure visible. Spatial resolution of 
Fig 3A was approximately 6 grn. Figure 3B shows a 
magni¡ subregion (1,024 • 1,024 pixels) of Fig 
3A. The image contrast in Figs 3A and B represents 
a combination of absorption and phase contrasts. In 
Fig 3C, we demonstrate the result of numerical 
processing of the image from Fig 3B in accordance 
with Equation 3. This processed image represents 
the true map of the projected mass distribution in 
the sample. The approximate range of the recon- 
structed values is between 0.23 mm and 0.27 mm 
of solid apatite (Cas(PO4)3OH). 

Finally, Fig 4 demonstrates the capability of the 
PCI technique for imaging of soft tissues. Pre- 

Fig 3. (A) Experimental in-line image of dry human finger bones. (B) Magnified subregion of (A). (C) Reconstructed map of 
projected mass distribution in region (B). 
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Fig 4. (A) Experimental in-line image of a wet mouse 
kidney. (B) Reconstructed map of projected mass distribution 
in a subregion of (A), 

sented in Fig 4A is a kidney of a mouse, again 
showing a combination of absorption and phase 
contrast. The spatial resolution here is approxi- 
mately 4 ~m. Figure 4B contains a processed 
version of a 1,024 • 1,024 pixel region of Fig 4A 
outlined by a white square. The processing con- 
sisted of inversion of Equation 3 followed by the 
background subtraction to remove the intensity 
gradient due to the x-ray source. The approximate 
range of the reconstructed projected mass distribu- 
tion as shown in Fig 4B is between 2.6 mm and 2.8 
mm of water. 

The results presented in Figs 3 and 4 are 
preliminary. We are currently working on proce- 
dures that will ensure accurate and rapid quantita- 
tire information extraction from in-line hard x-ray 
images obtained with a laboratory polychromatic 
microfocus source. 

CONCLUSlONS 

We have demonstrated some key features of a 
new technique, in-line phase-contrast imaging with 
hard x-rays, for imaging of organic samples using a 
laboratory microfocus source and no x-ray optics. 
This technique can produce high-contrast images 
of objects and features composed of light chemical 
elements, eg, biological samples. The method can 
be applied to thick optically opaque samples in 
their native state. Using a microfocus laboratory 
x-ray source, it is easy to obtain a large field of 
view and variable geometrical magnification, while 
preserving a very large depth of field (of the order 
of meters). We explained how numerical process- 
ing of the experimental PCI images in accordance 
with the mathematical equations describing the 
image formation can be utilized to obtain reliab]e 
and meaningful quantitative information about the 
internal structure of the samples. In particular, we 
showed that the "phase-reconstructed" PCI images 
have a direct quantitative relationship to the spatial 
density distribution in the sample. We believe that 
this method should find wide ranging applications 
in clinical radiology and medical research. 
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