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Abstract Optimized experimental conditions for extract-

ing accurate information at subpixel length scales from

analyzer-based X-ray imaging were obtained and applied

to investigate bone regeneration by means of synthetic

b-TCP grafting materials in a rat calvaria model. The

results showed a 30% growth in the particulate size due to

bone ongrowth/ingrowth within the critical size defect over

a 1-month healing period.
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Phase contrast X-ray imaging (Wilkins et al. 1996; Davis

et al. 1995; Pfeifer et al. 2006; Hönnicke et al. 2008) is a

well-established tool to present details of biological tissues

that are invisible or indistinguishable by conventional

radiography. Its applications have been evaluated in many

scientific fields and with a variety of phase-sensitive

techniques (Westneat et al. 2003; Antunes et al. 2006;

Wagner et al. 2006). Analyzer-based imaging (ABI) (Davis

et al. 1995; Foerster et al. 1980) is sensitive to the phase

gradient due to refraction. However, in contrast to the other

techniques, ABI is also capable of providing information

on two other major radiation-matter interaction processes:

photoelectric absorption and small-angle scattering (Bonse

and Hart 1966). Although refraction is the contrast mech-

anism able to resolve features on the length scale of the

spatial resolution of detector systems, typically on the order

of some tens of microns, small-angle scattering is the

process that is sensitive to density fluctuation on shorter

scales of a few microns or less. Extensively exploited to

probe low ordered systems, such as macro molecules in

solution, small-angle scattering techniques are one of the

most fundamental X-ray tools for the microstructure

characterization of solid and fluid materials (Glatter and

Kratky 1982). In spite of its short-scale probing potential,

small-angle scattering as an imaging contrast mechanism,

where it is commonly called ultra-small-angle X-ray scat-

tering (USAXS), has been treated marginally qualitatively

in a few cases (Antunes et al. 2006; Levine and Long 2004;

Muehleman et al. 2006). In most cases, it is treated as a

sub-product owing to an undesired process that can smear

fine structural details of the refraction images (Coan et al.

2008; Zhong et al. 2000; Pisano et al. 2000; Pagot et al.

2003; Rigon et al. 2007).

In medicine, biology, and related fields, the usage of

USAXS images to locate and characterize distinct distri-

butions of microscopic alterations over vast tissues (centi-

meter scale) opens a wide range of opportunities. For

instance, USAXS can be used in studying multifactorial

diseases with large ensembles of clinical cases, as in the

study of cataract where USAXS images could easily eval-

uate microcalcifications over entire eye lenses (Antunes

et al. 2006). Evaluation of osteoporosis, osteoarthritis (Coan

et al. 2008), and implant-bone integration (Wagner et al.

2006) are other examples of studies that can be enriched by
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USAXS imaging. Although some of its potential for

investigating biological tissues has already been recognized

(Muehleman et al. 2006), the actual state of the art of

USAXS imaging only allows distinguishing microstruc-

tured tissue from homogeneous tissue without providing

accurate information on the microscale density fluctuations.

To achieve its full potential as a general imaging resource, it

is fundamental to develop data analysis procedures capable

of determining the accuracy by which the length scale of the

density fluctuation on a subpixel resolution can be retrieved.

In this work, one such procedure is developed for cases in

which USAXS arises from a coherent scattering process.

The procedure is first used to verify the spatial resolution

achieved by a few ABI setups. Then, by employing the

setup configuration that provides the best resolution, the

feasibility of extracting accurate microscale information is

demonstrated in the present study concerning bone inte-

gration to a biocompatible material widely used in dental

and medical applications.

Form and function replacement of lost hard tissue

through guided regeneration by means of synthetic mate-

rials or tissue engineering (tissue regeneration at cellular

level) has been of interest to both healthcare practitioners

and patients. The reason for such interest includes avoiding

a second surgical site and procedure, i.e., autologous bone

grafting, and the potential secondary infection due to

cadaveric (allogenous) and animal (xenogenous) bone

processing for grafting purposes (LeGeros 1991; Lemons

1996). Among bioceramics, Ca- and P-based synthetic

materials such as hydroxyapatite, b-tricalcium phosphate

(b-TCP), or Ca3(PO4)2, and biphasic blends have been

widely utilized in dentistry and orthopedics (LeGeros

1991). These materials have been employed as bone defect

filling materials, implant coatings, bone substitutes, drug

delivery/biologic carriers, and resorbable scaffolds (Lem-

ons 1996). These various applications originated due to

their degradation followed by bone replacement as time

elapses in vivo (LeGeros 1991; Lemons 1996). In the

present study, artificial bone regeneration by means of

synthetic b-TCP grafting materials in a rat calvaria model

was investigated by spatially resolved USAXS images.

Before starting our theoretical treatment, it is worth

emphasizing that USAXS can be the result of two distinct

processes: (1) A coherent scattering process, i.e. diffrac-

tion, in individual particles (density inhomogeneities) as

described by the small-angle scattering theory (Glatter and

Kratky 1982). For such scattering to occur within the

angular range where it is termed USAXS, particles wider

that a certain size (about 1 lm for most ABI setups) are

required, as well as incident beams with coherence length

wider than the particle size. (2) A process of multiple

refractions through several particles (Muehleman et al.

2006). In this latter case, the amplitude of scattering does

not depend on particle size. It depends basically on the

number of particles along the beam path, i.e., the thickness

of the imaged tissue (Heitner 2005). Therefore, coherent

scattering (the first process) is the only scattering process

able to provide the desired subpixel information, and it is

the dominant process in thin samples, such as those

investigated in the present study.

Any given scattering process is characterized by a

reciprocal law, describing an inverse relationship between

particle size and scattering angle (Glatter and Kratky

1982). For electron density inhomogeneities on a length

scale R, this law also applies provided that the angular

spreading of the scattered radiation of wavelength k is

roughly proportional to k/R. In more specific terms, a sta-

tistical intensity distribution C(Dh) can be assigned to each

particular kind of inhomogeneity to describe the process as

a function of the scattering angle Dh from the incident

beam direction. The angular spreading on a given scatter-

ing plane can hence be characterized by the quantity

r2
u ¼

Zþa

�a

ðDhÞ2CðDhÞdDh ¼ kCCðaÞ
R

� �2

; ð1Þ

which is the standard deviation of the statistical distribu-

tion. CC(a) is constant for nontruncated integrals, i.e., when

a � ru. From the general theory of small-angle scattering

of X-rays, it is well known that the central region of the

scattering curves is not related to the shape and symmetry

of the scattering centers as long as they have the same

radius of gyration Rg (as usually obtained from Guinier

Law in a conventional SAXS experiment) (Glatter and

Kratky 1982). Since ru is also essentially determined by

the central region of the curves, its value is practically

independent of C(Dh) except for very anisometric scatter-

ing centers such as those with pronounced disc- or rod-like

shapes. Then, within the Guinier approximation of the

scattering curves CðDhÞ ¼ ap�1=2 exp �a2Dh2
� �

where

a ¼ 2pRg

�
k
ffiffiffi
3
p

, which provides ru ¼ k
ffiffiffiffiffiffiffi
1:5
p �

2pRg. To

quantify the size of the scattering centers, i.e., the length

scale of subpixel density fluctuation in the samples, we

have used the average spherical radius instead of Rg and

hence CC & 1/4 in Eq. 1.

Typical ABI setups require a parallel monochromatic

beam and an analyzer crystal placed between the sample

and the imaging detector. Under the conditions that pho-

tons exiting the object plane at a given point are scattered

in the vertical plane, i.e., the diffraction plane of the ana-

lyzer crystal, in keeping with C(Dh) and that each pixel in

the detector is collecting all such photons (Rigon et al.

2007), the USAXS images comprise the values of ru as

given in Eq. 1. In the statistical algorithm used to process

multiple images from ABI data (Pagot et al. 2003), two

rocking curves (RCs) of the analyzer crystal have to be
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recorded on each pixel: one with the sample, the object RC,

and another without the sample, the reference RC. Any

difference in the standard deviations robj and rref of these

RCs is directly related to the amount of USAXS on a given

pixel since ru ¼ r2
obj � r2

ref

� �1=2

, as previously described

in detail elsewhere (Pagot et al. 2003). From the reciprocal

law summarized in Eq. 1, the inaccuracy in determining

the value of R on each pixel is given by

DR=R ¼ 8ðR=kÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dr2

obj

� �2

þ Dr2
ref

� �2

r
ð2Þ

It is calculated by using simple error propagation theory for

uncertainties Dr2
obj and Dr2

ref in the square values of the

standard deviations. Both uncertainties, in turn, are esti-

mated by propagating in the equations of r2
obj and r2

ref the

statistical noise, �
ffiffiffiffiffiffiffiffiffiffiffiffi
NðhnÞ

p
of radiation counting in the RCs

where N(hn) is the number of counts in a pixel for the

angular setting hn of the analyzer crystal.

X-ray measurements were performed at station X15A of

the synchrotron light source (NSLS) in the Brookhaven

National Laboratory. The two-bounce Si(111) mono-

chromator of the beamline was set to nondispersive

configuration with the Si(111) crystal analyzer in all

experimental setups used. Experimental details are sum-

marized in Table 1. The pixel size of the imaging detector

system was 30 lm, and the estimated transversal coherence

length of the beam was about 8 lm. The samples were

prepared by surgery, which consisted of creating two 4-

mm-diameter defects in the rat calvaria. One defect was

filled with synthetic b-TCP calcium-phosphate (CP)

grafting material (Synthograft, Bicon, Boston, MA, USA)

and the other was left filled with the blood clot (control).

The rats were sacrificed at 4 weeks after surgery, and the

samples were maintained in 70% ethanol until tested.

General aspects of the samples were depicted via the

refraction image shown in Fig. 1a, including CP-filled

defect, control defect, CP-bone integration zone (IZ), and

zone of naturally grown bone (NGB) since surgery. Scat-

tering centers in the region of interest, embracing both

defects, were evidenced by processing a differential

absorption image (Pagot et al. 2003; Fig. 1b). In addition to

an enhanced scattering at the CP-filled defect, scattering

at the NGB zone could also be observed. A computed

tomography slice of the sample (Fig. 1c) provides infor-

mation on the actual thickness of both defects.

Subpixel spatial resolution was then investigated in two

steps: (1) R images were processed from ordinary USAXS

images by using the relationship R = 0.25k/ru (Eq. 1) and

(2) graphical analysis was conducted of the statistical fre-

quency of the values of DR/R (Eq. 2) and R on the pixels of

a given image, leading to two-dimensional histograms.

Examples of both types of results, R images and histograms,

are shown in Fig. 2 for the area selected in Fig. 1b and for the

three ABI setups in Table 1. Since the inaccuracy DR/R in

the spatial resolution is proportional to k-2, or equivalently

to E2, it is not surprising that only the setup configured at

lower energy, i.e., the A333E30 setup, was able to resolve

Table 1 Experimental ABI setups for the hkl analyzer reflection, X-

ray energy (E), experimental (We) and theoretical (Wt) FWHM of the

RC (Zhong et al. 2000), angular range 2w centered in the RC for

image acquisition in increments of dh, and average maximum number

of counts per pixel Nm acquired during the reference RC

Setup

(label)

hkl E
(keV)

We/Wt

(lrad)

2w
(lrad)

dh
(lrad)

Nm

(counts)

A333E30 333 30 1.9/2.10 30 0.5 14,856

A333E52 333 52 1.3/1.29 16 0.4 11,545

A111E52 111 52 6.3/6.30 40 1.0 31,498

Fig. 1 Multiple image radiography of rat calvaria: a refraction image

and b differential absorption (scattering) image. Dashed circles
denote the CP-filled (1) and blood clot-filled (2) defects. CP-bone

integration zone (3) and zone of thick naturally grown bone (NGB, 4)

since surgery are visible. c Two-dimensional computed tomography

processed at position c (dashed line in b), and analyzer setting at the

slope of its RC. 1 CP-filled, 2 thin NGB. Experimental setup:

A111E52
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the presence of distinct R values in the imaged area, as

presented in Fig. 2d. At higher energy, E = 52 keV, such

good resolution could not be observed in Fig. 2e and f, even

for the configuration A333E52, which had the narrowest

analyzer RC. Due to the limited range of 2w of the RCs,

systematic errors arise with small values of R. We attempted

to minimize these errors by computing CC(a = w) using

Eq. 1 within the spherical particle approximation for C(Dh).

Without correction, the discrepancy in the minimum

observed R values in the A333E52 and A111E52 setups with

respect to A333E30 would be more pronounced. Moreover,

all resolved Rs in Fig. 2d are smaller than or close to 4 lm,

which is half the estimated value of the X-ray beam coher-

ence length. This is a necessary condition for coherent

scattering. Improving the X-ray optics to increase the beam

coherence length may not be useful in characterizing the

presence of wider Rs because, according to Eq. 2, the inac-

curacy DR/R is also proportional to R2.

Evaluation of spatial resolution on the CP-filled defects

was carried out on other samples, as shown in Fig. 3, but

only for the A333E30 setup (Table 1). Higher definition of

specific regions of the samples can be observed for this

setup, for instance the NGB interface with the original

calvaria bone as seen in Fig. 2a. As a general result for all

samples, the texture (or roughness) of the original calvaria

bone provided Rs of about 4.5–5.0 lm. In the NGB zone, it

decreased to 3.8 lm, and in the thin NGB region it was

undetectable (Fig. 2a). At the CP-filled defects, two parti-

cle size distributions (radius) were identified at R = 1.8

and 2.2 lm. In most cases in Fig. 3, both sizes were

observed along with the occurrence of even smaller sizes

(R \ 1.5 lm) on a few pixels at the central area of the

grafted material (white spots in Figs. 2a, 3a–c). A granular

aspect of the b-TCP grafting materials on the order of

0.1 mm in diameter was also observed; however, the

granules were scattered as compact aggregates of smaller

grains with diameter ranging from 2R = 2–3 lm (white

spots) to about 2R = 4.0 ± 0.4 lm somewhat uniformly

over the rest of the grafted area. Such a grain size gradient

across the filled defects is indicative that the substance

responsible for the thin NGB in the control defect is able to

penetrate into the b-TCP granules along with apposition in

the outer surface of the grafting material, wrapping up the

tiny grains and promoting their growth by more than 1 lm

in diameter during the first month after surgery.

In conclusion, within appropriated ABI setup configu-

rations, subpixel inhomogeneities can be resolved. In the

case of calcium phosphate (b-TCP) grafting materials, the

A333E30 setup has allowed us to map over the extent of

the imaged areas particles as wide as 5 lm in radius and

with an accuracy of about ±0.2 lm, which is more than

100 times smaller than the used pixel size. The extracted

information on each pixel was equivalent to the radius of

gyration obtained via SAXS experiments with a micro-

beam the size of the pixel. Analysis of spatial resolution,

i.e., histograms as in Fig. 2d, is necessary to extract

quantitative information in studies intended to monitor

changes in the size of the particles (scattering centers). For

instance, evidence of gradients in the bone ingrowth pro-

cess over the extent of CP-filled defects could be detected

Fig. 2 a, b, c R images and d, e, f their respective accuracy, DR/R, for three experimental setups: a, d A333E30; b, e A333E52; and c, f
A111E52. Imaged area of 257 9 401 pixels (Fig. 1b)
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in the present experiment. The procedure described here is

suitable to probing inhomogeneities at a length scale of a

few microns and in relatively thin tissues where multiple

refraction/scattering processes are negligible, such as

ocular tissues, cancerous tissues, cartilages, and others.
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