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Introduction 

X-ray phase contrast (PC) imaging is perceived as a power-
ful tool for imaging weakly attenuating objects1-11, expect-
ed to represent a breakthrough in Diagnostic Radiology.

Conventional X-ray relies on differences in attenuation 
between tissues to produce the image. However, the in-
teraction of X-rays with matter also leads to changes of 
the electromagnetic wave phase, which can be radiologi-
cally visible under certain conditions3,6,8,10,11. PC provides 
a better visualization of the edges, due to the gradient of 
the real part of the refraction index between materials. 
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Abstract
We present a user-friendly Matlab simulation interface tool to predict intensity profiles for magnified X-ray images of weakly attenuating cylindrical 
objects, including phase effects. Based on a previous monoenergetic formalism, we now consider polyenergetic X-ray beams and we study the 
effect of the spectral description on the predicted phase contrast. It was found that, for weakly attenuating objects with diameters <≈1 mm, detailed 
resolution in the spectrum description is not necessary. Simulations are compared with images of cylindrical objects, which were obtained under 
conditions found in a commercial digital mammography system. The magnification images of phantom plastic fibers show weak, however visible, 
edge enhancement due to phase contrast. The polyenergetic simulations provide an improved description of the data with respect to the effective 
energy monoenergetic assumption.
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Resumo
Apresentou-se uma ferramenta de simulação com interface amigável desenvolvida em Matlab para prever os perfis de intensidade de imagens de 
raios X magnificadas de objetos cilíndricos de pouca atenuação, incluindo efeitos de fase. Com base no formalismo monoenergético anteriormente 
desenvolvido, considera-se agora os feixes de raios X polienergéticos e estuda-se o efeito da descrição espectral no contraste de fase previsto. Para 
objetos de pouca atenuação, com diâmetros <≈1 mm, verificou-se que a resolução detalhada na descrição do espectro não é necessária. Imagens 
de objetos cilíndricos obtidas em sistemas de mamografia digital comerciais foram comparadas às simulações. As imagens de magnificação de 
fibras plásticas empregadas como simuladores mostraram pouco, porém visível, realce de borda devido ao efeito de contraste de fase. As simulações 
dos feixes polienergéticos forneceram uma melhor descrição dos dados em relação à aproximação de feixes monoenergéticos.

Palavras-chave: contraste de fase, realce de borda, espectros de raios X, mamografia digital, análise de imagem.

Phase  changes induce interference and generate bright 
and dark stripes around object edges. This effect is com-
plementary to the contrast produced by attenuation. Both 
properties are contained in the medium complex refractive 
index n, which, for X-rays, can be expressed as n=1-δ+iβ, 
where δ is the index of refraction decrement that describes 
the X-ray phase shift, and the imaginary part β is respon-
sible for the attenuation. The macroscopic phase shift of 
the X-rays after propagating in a given material is directly 
proportional to the integral of δ over the trajectory. The β 
component of n takes into account the added probabilities 
of Rayleigh, photoelectric and Compton interactions, and 
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it is directly proportional to the macroscopic linear attenu-
ation coefficient μ12.

Two requirements are necessary to observe the PC: 
the radiation field must have a certain degree of spatial 
coherence at the object position, and the detector must 
be placed at a certain distance away from the object (mag-
nification conditions), for the interference fringes to be vis-
ible1-11. PC can be of relevance to radiological images of 
soft tissues, particularly in mammographic images, where 
certain breast tissues attenuate X-rays similarly. Some 
publications have reported the possible use of PC imaging 
for mammography clinical applications6,9.

The radiological image of a cylinder is of particular 
interest, since blood vessels and other ducts in human 
anatomy have a cylindrical shape. Plastic fibers (with di-
ameters <1 mm), which simulate vasculature of the mam-
mary gland, are currently used in quality control phantoms 
for mammography systems, and edge enhancement in 
cylindrical objects has been observed using polychromatic 
X-ray spectra7,10,11.

Previously10,11, we have reported PC effects in the mag-
nification images of plastic fibers inserted into the TORMAM 
mammography phantom13, which was acquired with a 
Hologic Selenia mammographic unit (70  μm pitch size 
detector). These observations have been interpreted by a 
diffraction-based simulation, assuming a monoenergetic 
X-ray beam.

Olivo and Speller have presented a formalism5 to simu-
late PC effects in magnification images of plastic fibers, 
taking into account the X-ray spectrum. They predicted 
a weak dependence, which is validated using an experi-
mental arrangement optimized for the observation of PC 
effects. Based on our previous monoenergetic formal-
ism10,11, the aim of this work was to consider polyenergetic 
beams to study the effect of the spectral description on 
the predicted PC effects and to compare them with data 
obtained under magnification conditions available in a clini-
cal mammography unit.

Materials and methods

Spectral resolution
Polyenergetic X-ray spectra, typical of those used in mam-
mography, have been simulated following the formalism de-
veloped by Boone, Thomas and Jennings14. The spectrum 
is parameterized by a third-order polynomial dependent on 
the tube operating voltage and the beam attenuation by 
filter materials is analytically taken into consideration.

Polynomial coefficients for same anode/filter/volt-
age combinations have been previously determined in 
the Medical Physics Laboratory at the UNAM Physics 
Institute15. The filtered spectra were binned (every 0.5 keV) 
to optimize the numerical computation time. Figure  1a 
shows two representative calculated spectra and Figure 1b 
illustrates the effect of different bin sizes on a molybdenum 
(Mo) spectra.

Numerical simulation 
The formalism to simulate the detected intensity pro-
file, presented by Chevalier et al.11, is a two-dimensional 
theoretical treatment based on Fresnel diffraction theory 
restricted to weakly attenuating cylindrical objects, consid-
ering an incoherent, monochromatic, and extended X-ray 
source. Applying Van Cittert-Zernike theorem, we have 
obtained the mutual intensity at the object plane from the 
intensity distribution of the incoherent source11. An ana-
lytical solution for the normalized intensity at the detector 
plane of a radiation field after passing through the object is 
derived in paraxial approximation. The detector response 
effect is introduced by the measured modulation transfer 
function (MTF). 

In the polyenergetic simulation, we have calculated the 
profile for each energy bin using the relative photon fluence 
from zero to the maximum energy. Energy-dependent real 
and imaginary index of refraction values for polypropyl-
ene are obtained and interpolated from Henke, Gullikson 
and Davis16, and those for nylon are calculated using the 
online resources in the same paper mentioned16, assum-
ing C6H11NO composition and density 1.14 g cm-3 (aver-
age for nylon17). For nylon, δ and β values are 1.045E-05 
and 5.106E-08 at 5 keV, and 2.882E-07 and 9.375E-11 at 
30 keV, respectively. Typically within this energy range, δ (β) 

Figure 1. (a) Calculated energy spectra for W and Mo anodes, 
25 kV, using Al or Mo filters (0.5 keV bin size); (b) molybdenum 
spectra, 25 kV, 0.025 mm Mo filter, for different bin sizes.
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Figure 2. Simulation algorithm. The example corresponds to a 0.8 mm diameter fiber, magnification=2.0 and Mo/Mo 30 kV X-ray spectrum. 
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for nylon is 1.2 (1.6) times that for polypropylene. The object 
diffraction pattern is the incoherent sum of discrete profile 
intensities, normalized to the background18. Fast Fourier 
Transform (FFT) of the pattern is numerically obtained and 
multiplied by the detector MTF to include the effect of 
spatial resolution in the image receptor. Inverse FFT of the 
product is the simulated object intensity profile (Figure 2).

To facilitate the use of this simulation, a Matlab tool 
has been developed as a user-friendly interface (called 
Sook’Oochel-Prof Sim, Figure 3) offering the choice be-
tween anodes (W and Mo) and filters (Al, Mo, and Nb). It 
also offers the choice between a type of material (poly-
propylene and nylon) for the fiber composition. This tool 
displays the spectrum according to the selected number 
of bins as well as the simulated intensity profile, allowing 
graphical and numerical storage of the results.

Comparison with data
Simulations are compared with profile intensity measure-
ments obtained in a Hologic Selenia digital mammogra-
phy system, 100 µm nominal focal spot, 26 kV nominal 
operating voltage, Mo anode, Mo filter (0.025 mm thick), 
25 cm source-object distance and 65 cm source-detector 
distance (i.e., magnification=2.6), and 10 mm long cylindri-
cal fibers of diameter between 0.20 and 0.40 mm11. Fibers 

were those in the TORMAM phantom13. For each thick-
ness, four fibers are arranged in a “chicken foot” geometry, 
one “horizontal” fiber, one “vertical”, and two at ±45º with 
respect to the vertical central fiber. The phantom was man-
ually positioned so that central fibers were parallel (within 
0.5–1.5º) to the cathode-anode axis, and the fiber groups 
were located close to the radiation field central axis.

The edge enhancement (percentage) was quantified by 
the following expression (Eq. 1):

EE= 100
Imax – I0

I0
� (1)

Results and discussion

Spectral resolution
Figure 4 shows intensity profiles simulated for the experi-
mental conditions described for different choices of bin 
size. In general, the U-shaped attenuation profile expected 
for a cylindrical object has been modified at the edges, due 
to phase effects5,11. 

The object attenuation at the center of the fiber is about 
3%, and the edge enhancement is about 1% outside the 
object border. The predictions converge for bins smaller 
than 3.7 keV (in a 26 keV spectral interval).
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Figure 4. Intensity profiles for a 0.6 mm diameter polypropylene fiber, Mo anode, 0.025 mm Mo filter, magnification=2.0, polyener-
getic spectra, 26 kV, different energy bin sizes.
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Figure 3. User interface (called Sook’Oochel-Prof Sim) for intensity profile simulation.
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Simulations as a function of the spectrum
Figure 5 compares the mono- and polyenergetic simula-
tions. For the monoenergetic case, the effective energy of 
the X-ray beam (evaluated from half-value layer measure-
ments11) was used. Predicted edge enhancement is about 
1.1% above the background for the monoenergetic case; 
this value decreases to about 0.9% if the complete spec-
trum is considered. Differences of similar magnitude are 
visible at the fiber center, where use of the complete spec-
trum reduces the transmission by about 0.2%.

Even if the values of δ and β vary strongly over the en-
ergies relevant to these simulations, the observed features 
in the simulated fiber profile show a relatively weak depen-
dence on the consideration of the polyenergetic spectrum. 
These predictions of a weak effect agree qualitatively with 
the previously mentioned results5, which were obtained 
with similar X-ray spectra under experimental conditions 
optimized for the observation of phase effects. 

Comparison with data
Figure 6 shows the measured intensity profile of the 
0.3  mm diameter group of fibers at magnification=2.6. 
This profile is the average of the measurements for the 
central and ±45º fibers of the group (profiles for the three 
fibers were quantitatively similar and they were averaged to 
reduce intensity fluctuations). For comparison, the mono- 
and polyenergetic simulations are also shown. Simulations 
reproduce the loss of the U-shaped attenuation and the 
presence of edge enhancement, both due to phase ef-
fects. Data display an edge enhancement of about 0.4% 
above background and calculations predict a ≈0.8% effect 
(0.75% polyenergetic and 0.85% by the monoenergetic 
simulation). The quantitative disagreement between data 
and simulations displayed in Figure 6 (observations are 
about 50% of predictions) occurs for all fiber diameters. 

Figure 5. Simulated intensity profiles for a 0.6 mm diameter poly-
propylene fiber, magnification=2.0. Solid curve is for a Mo/Mo 
spectrum (26 kV-3.7 keV bins) and dashed curve is for a 15 keV 
monoenergetic spectrum.
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Figure 6. Data11 and simulation for the 0.3 mm diameter fi-
bers, including the one shown in the inset. Symbols are the data, 
dashed curve is monoenergetic (at effective energy 15  keV), 
and solid curve is the polyenergetic intensity simulation of a ny-
lon fiber at magnification equal to 2.6.
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A possible explanation could be the presence of scattered 
radiation, unaccounted for in the formalism. The polyener-
getic simulation improves the agreement with the observa-
tions, but it still overpredicts the magnitude of the effect 
external to the edge.

Conclusions

We have presented a versatile Matlab simulation tool to 
predict intensity profiles for magnified images of cylindri-
cal objects obtained under conditions, which permit PC 
effects to be visible.

We have found that, for objects with diameters <1 mm, 
the detailed resolution in the spectrum description is not 
necessary. We have obtained an improved description of 
the data in the polyenergetic simulation, with respect to the 
assumption of a single effective energy. However, this im-
provement is still insufficient to reach a quantitative agree-
ment with observations. On the other hand, the measured 
profile shape is well-described by the simulation. 

Observations and calculations of PC effects are small 
(≈1% edge enhancement), nevertheless of interest for con-
ditions found in a commercial mammographic unit.
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