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X-ray diffraction enhanced imaging study of intraocular

tumors in human beings *
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Abstract Diffraction enhanced imaging (DEI) with edge enhancement is suitable for the observation of

weakly absorbing objects. The potential ability of the DEI was explored for displaying the microanatomy

and pathology of human eyeball in this work. The images of surgical specimens from malignant intraocular

tumor of hospitalized patients were taken using the hard X-rays from the topography station of Beamline

4W1A at Beijing Synchrotron Radiation Facility (BSRF). The obtained radiographic images were analyzed in

correlation with those of pathology. The results show that the anatomic and pathologic details of intraocular

tumors in human beings can be observed clearly by DEI for the first time, with good visualization of the

microscopic details of eyeball ring such as sclera, choroids and other details of intraocular organelles. And the

best resolution of DEI images reaches up to the magnitude of several tens of µm. The results suggest that it

is capable of exhibiting clearly the details of intraocular tumor using DEI method.
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1 Introduction

It is well known that the X-ray radiography works

well in distinguishing hard and soft tissues, but with

great difference in the attenuation of X-rays. Even

for the intermediate differences of absorption between

tissues such as muscle and fat, their distinction can

also be provided with an X-ray CT scan. How-

ever, problems arise when the organic matter is made

mainly only of weakly absorbing carboniferous ob-

jects such as C, H, O and N, etc. These problems are

often encountered in medical sciences. In this paper,

such problems are investigated.

Because of their low contrast differences, most of

the medical soft tissues cannot be seen to any extent

with the X-ray absorption contrast imaging (XACI)

methods mentioned above. Although the other types

of modern medical imaging methods can provide im-

portant information on human internal structures

than XACI, such as ultrasonic and MRI techniques,

these methods still suffer from a limited resolu-

tion [1].
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Recently, some novel X-ray imaging techniques

based on the X-ray phase contrast imaging (XPCI)

are developed [2–5]. With the emergence of the

third generation of synchrotron radiation facilities,

the study related to XPCI has become quite active

[6–10], hence the new notion of micro-imaging (reso-

lution <1 mm) is introduced.

Rather than XACI which detects the absorption

of X-rays, XPCI detects the phase shifts inside soft

tissue [7] which induces the contrast based on the

refractive index and then enhances the visibility of

the edges between the regions with different refrac-

tive indexes. With this new mechanism its resolution

has reached the magnitude of tens of µm and the in-

formation of subtle changes of internal structure in

soft tissue can be obtained three orders of magnitude

(1000 times) higher than that of XACI [5, 10]. As one

of the XPCI methods, the X-ray diffraction enhanced

imaging method (DEI) is based on the fact that re-

fraction distorts the phase front of the X-ray wave

transmitted through the object. X-ray wave will de-

flect from its initial direction by small angles, which

depend on the spatial distribution of the mass den-

sity [5, 7]. Although there is a small density gradient,

the DEI technique visualizes the internal structure of

a weakly absorbing object with a high spatial reso-

lution [7, 11–13]. For this reason, after the relevant

fundamental theory was first completed by Chapman

et al in 1997 [3–5], more and more imaging study with

DEI in different aspects such as breast, cartilage and

lung tissue, etc., has already been reported [6–10].

Eyeball is a kind of typical soft tissue consisting

mostly of low Z lighter elements. So far, the ob-

servation of eyeball in ophthalmology mainly relies

on Ultrasound and MRI. Both of the two methods

belong to the macro-imaging due to their relatively

low spatial resolution (>1 mm). Thus, the intraocu-

lar diseases are usually only detected at far advanced

stages. Lack of imaging quality or resolution practi-

cally with respect to eyeball is obviously the prime

reason for this unfortunate situation.

In 2007, the imaging of porcine eye specimens by

the DEI with SR was reported by M. Kelly et al [11].

In their experiments no important anatomic details

were shown by XACI, but instead , the contrast res-

olution of 100 µm was reached by DEI, and the dif-

ferent layers of eye ring were observed. In 2008, a

specimen of another ophthalmologic disease, corneal

sequestrate of a Persian cat in this case, was inves-

tigated with DEI by a group of Brazilian scientists

[12]. It proved that the DEI is useful to identify differ-

ent structures in healthy and diseased (with cataract)

crystalline lenses. Micro calcifications were also found

in experiment developed with X-ray of higher ener-

gies.

In this paper, the imagings of human eyeball and

tumors originating from it are performed using DEI

method for the first time. The results show good visu-

alization of the great microscopic details with 40 µm

resolution of eyeball ring such as sclera, choroids and

other details of intraocular organelles. The compar-

isons between XACI and the DEI contrast are made

through experiment and analyses. And some factors

with which the image quality would be affected or in-

terrelated in the eyeball imaging of human beings are

discussed.

2 Experiment

7 surgical pathology specimens of human intraoc-

ular malignant tumors from 4 hospitalized patients

were imaged with DEI in this work under agreement

with written informed consent from all patients: All

of the specimens were fixed in formalin solution [di-

lute formaldehyde (1:10), mixed with buffering so-

lution (pH 7.0)] and preserved in small tubes under

room temperature. Before the DEI experiments, the

specimen blocks were cut to about 12 (long) ×9 (high

or wide) ×(2–5) mm (thick) in size because of the lim-

ited area of imaging detector. The specimens were ex-

posed to air about 15 minutes to dry somewhat and

then were put in plastic bags which could be easily

penetrated by X-rays .

The DEI experiment was performed at the Topog-

raphy Sation of Beamline 4W1A at BSRF. The DEI

system consisted of two Si(333) crystals fixed in Bede

diffractometer accurately, acting as monochromator

and analyzer respectively. The specimen to be ob-

served was put between these two crystals. The prin-

ciple of the DEI technique was given in Ref. [4]. The

function of the first crystal (monochromator) is to ob-

tain specific X-rays with an energy of approximately

15 keV, and the monochromatic X-ray is then inci-

dent on the specimen. The second crystal (analyzer)

is used to distinguish the tiny refracted X-rays caused

by the density gradient distribution in the specimen.

The X-rays emerging from the sample and hitting the

analyzer crystal will satisfy the conditions for Bragg

diffraction only within a very narrow window of in-

cident angles, typically on the order of a few µrad.

With such an arrangement, even a small variation in

the angle of incidence of X-rays on the analyzer sig-

nificantly changes the diffracted intensity [5–7]. The
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diffracted X-ray beam out from the analyzer was

detected by an X-ray CCD camera with 1300

pixels×1030 pixels and pixel size of approximately

10.9×10.9 µm (X-ray FDI-18 mm camera system,

Photonic Science Ltd, UK). The exposure time in the

DEI experiment was selected between about 0.05–

0.10 seconds according to the energy of X-ray and

slightly different from the specimens due to the dif-

ference in the thickness of them.

The amount of intensity which passes the ana-

lyzer without specimen at a given tuning angle is

described as the background data of rocking curve

(RC) [7, 10]. When the analyzer is perfectly aligned

with the monochromator, say at the top of the RC,

it will filter out any X-rays that are scattered or re-

fracted by more than a few µrad. When the analyzer

is mis-oriented at a small angle with respect to the

monochromator, for example at the half-maximum

in the left or right side of the RC (±0.5 FWHM),

then the X-rays refracted by a smaller angle will be

reflected less, and the X-rays refracted by a larger an-

gle (approximately as ± 0.5 FWHM) will be reflected

more.

Several physical processes, such as absorption,

scattering coherent and incoherent, as well as refrac-

tion, are generated while the object is penetrated by

X-ray [5]. The X-ray selected by analyser crystal at

different angular points of RC will then provide dif-

ferent information on tissues, especially on their in-

terfaces. That means the image obtained with a de-

tuned analyzer crystal will include the information of

absorption, scattering and refraction effects. By com-

bining the images taken on either side of the RC, the

effects can be separated to get the so-called pure ab-

sorption image and the pure refraction image, which

show different contrast because of their different con-

trast mechanisms [4, 5].

All the following experimental procedures of imag-

ing scans are carried out as follows:

1) Acquisition of XACI of specimen

For each specimen, an XACI was taken by mov-

ing the analyzer out of the beam and scanning the

CCD and specimen through the fan X-ray beam in

the same direction and at the same speed.

2) Acquisition DEI images of specimen

The specimens were placed between two crystals,

and the distance between them and CCD was about

30 mm. The angle resolution of the analyzer crys-

tal movement was about 0.05 seconds. The analyzer

crystal was rotated continuously to adjust the angle of

light and to obtain the characteristic RC of each spec-

imen. The DEI images were acquired with the ana-

lyzer tuned respectively to the 3 different positions

on the RC by penetrating the specimen and CCD in

opposite directions at the same speed through the fan

beam.

3) The extraction and separation of DEI informa-

tion

The imaging normalization was carried out with

the data of background RC. Of them, the images

taken on the ±0.5 FWHM positions of RC were pro-

cessed digitally by the arithmetic way of pixel to pixel,

with which two kinds of new images (refraction image

and pure absorption image) were obtained indirectly

[5]. As to the peak image it was not necessary to con-

duct special processing because the analyzer crystal

has been tuned to the top of RC when imaging.

After the DEI experiments, the specimens were

treated with the routine procedures of alcohol de-

hydration and paraffin embedding, and were cut to

the consecutive slices of 5 µm thick, and then were

stained with the hematoxylin-eosin (HE) convention-

ally. The microscope photos of each specimen were

taken afterward.

3 Results

With the experimental procedures mentioned in

the last section, five types of X-ray images of 7 speci-

mens are obtained from this experiment: the absorp-

tion image (XACI), the pure absorption image ex-

tracted from DEI images, the DEI image at the peak

of rocking curve, the refraction image extracted from

DEI images, and the images taken on the ±0.5FWHM

position of RC. The images from two of 7 specimens

are shown in Fig. 1 and Fig. 2, which are compared

with their corresponding pathological images.

The result for the specimen of intraocular neu-

roblastoma is shown in Fig. 1. Fig. 1(a) and 1(b) are

pathologic images with different magnifications. It is

clearly seen that a mass of soft tissues is very promi-

nent to corporis vitre from posterior pole of eyeball.

Fig. 1(c) is the image of XACI, which illustrates the

tumor mass vaguely but without any fine structures

observable. Fig. 1(d) is the pure absorption image ex-

tracted from DEI images, which illustrates the body

of tumor mass relatively more clear and with some

fine structures visible. Fig. 1(e) is the DEI image

at the peak of RC, which illustrates the tumor body

more clearly and more details of the fine structures.

In Fig. 1(f), of the refraction image extracted from

DEI images, the most informative fine structures of
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Fig. 1. Images of XACI and DEI compared with the pathology images of specimen intraocular neuroblastoma

(scale bar = 2 mm). (a) and (b) Pathologic images with different magnifications; (c) XACI image; (d) Pure

absorption image; (e) DEI image at peak of RC; (f) Refraction image; (g) and (h) DEI images at ±0.5FWHM

positions of RC.

tumor are displayed. Fig. 1(g) and Fig. 1(f) are the

DEI images obtained on the left (L) and right (R)

side of the RC, displaying the similar fine structures

of tumor mass with those of Fig. 1(d) and Fig. 1(e).

The result for the specimen of the uveal

metastatic tumors of intraocular eyeball wall (coro-

nal dimension of the right lower quadrant) is shown in

Fig. 2. Fig. 2(a) and 2(b) show the pathologic details

of the eye ring, especially the uveal coat is broaden

and rather rough in surface. Fig. 1(c) is the image of

XACI, which illustrates the eye ring faintly. Fig. 1(d)

is the pure absorption image from DEI, which illus-

trates the thickness of uveal coat in eye ring clearly

but with few fine structures. Fig. 1(e) is the DEI

image at the peak of RC, and Fig. 1(f) is the refrac-

tion image acquired from DEI images, both of them

illustrate clearly not only the inner side of eye ring,

such as the thickened of uveal coat, but also the fascia

and connective tissues outside , as well as the sclera

in the middle of eye ring, and their sense of layering

is prominent. Fig. 1(g) and 1(f) are the DEI images

obtained at ±0.5 FWHM positions of RC illustrat-

ing the similar fine structures of eye ring as those of

Fig. 1(e) and 1(f).

The image quality obtained in the experiment is

mainly evaluated by the way of qualitative visual ob-

servation. The criteria used for scoring are compre-

hensively formulated after discussing together with

researchers, radiologists and pathologists. The grade

ranging from 0 to 10 is used to remark the pathol-

ogy and XACI images, and the different grades of

classification are from I to V for DEI image qual-

ity. Of all grades scorings, the smaller grade num-

ber means better image quality. The evaluation was

performed by three veteran radiologists who did not

know any specific history and details of the experi-

ment. At first, two of the primary radiologists inde-

pendently reviewed the images and made their own

judgments. In the case of disagreement which hap-

pened in separate judgments, the third radiologist

provided an independent interpretation that served

as the tiebreaker [13]. The final evaluation results of
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Fig. 2. Images of XACI and DEI compared with the pathology images of specimen of the uveal metastatic

tumors of intraocular eyeball wall (coronal dimension of the right lower quadrant). (scale bar = 2 mm)

(a) and (b) Pathologic images with different magnifications; (c) XACI image; (d) Pure absorption image;

(e) DEI image at peak of RC; (f) Refraction image; (g) and (h) DEI images at ±0.5FWHM positions of RC.

Table 1. Scores grade of images by comprehensive visual observation.

imaging mode DEI

imaging specimen
XACI

left peak right absorption refraction
pathology

intraocular malignant melanoma 1 7 / / / 1 / 0

intraocular malignant melanoma 2 7 / 0 / 0 . 0

intraocular neuroblastoma 7 / 0 0 1 / 0

intraocular uvea metastatic –

right lower quadrant 7 / / / / / 0

right upper quadrant 7 / / / . / 0

left upper quadrant 7 / 0 / 0 0 0

left lower quadrant 7 / / / / . 0

total 70 14 17 15 19 13 0

all the images of all the 7 specimens are listed in Ta-

ble 1.

As shown in Table 1, the score grades of 0 or

/, some even I are given to most of the DEI images,

and in contrast, only the score grade of 7 is given to

all XACI images. It indicates that the difference of

image quality between DEI and XACI is significant,

and that the image quality of DEI is excellent and

what they have shown is very closer to the findings

of pathology. Also as shown in Table 1, within the

group of DEI, the score grades of image quality are

the highest for the refraction images and the lowest

for the absorption ones, since most score grades for

the former are. or / whereas for the latter are / or

0. Furthermore, there are no significant differences

of image quality among the left, peak, right and re-
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fraction images. It clearly indicates that the images

containing refractive information, such as indexed as

refraction, left, peak, and right in Table 1, show bet-

ter image quality than that of the absorption images

indexed as XACI in Table 1, and even that of the

pure absorption images taken from the DEI experi-

ments indexed as absorption in Table 1.

The edge visibility (V ) is a quantitative measure-

ment for image quality evaluation normally adopted

in the study of the DEI images after digital trans-

formmation, which is defined and calculated as the

following equation [14]:

V =
I1−I2

I1 +I2

, (1)

where, I1 and I2 are the digital values of gray scale

measured with ImageJ1.37v Preferences program on

either side of an edge along a line crossing the edge.

We also measured the values of edge visibility for each

specimen, and four regions of interest (ROI) were cho-

sen in each image to calculate the contrast respec-

tively, in order to check the evaluation results of vi-

sual observation. On the other hand, after transform-

ing the image gray into digital data, it is very easy to

get the spatial resolution of the image.

As a preliminary and auxiliary result, the spatial

resolution and the best edge visibility in the peak im-

age from the specimen of left lower quadrant is mea-

sured as about 40 µm and about 0.8, respectively.

These data give strong evidence to support the truth

that the DEI is a very promising method to observe

the microstructures of human eyeball.

4 Discussion

In the ophthalmology, it is quite necessary that

the anatomic and pathologic details of the eyeball are

discriminated accurately to make a diagnosis early.

However, eyeball is a so delicate organ inside human

body that until now it is still a difficult task for all

of noninvasive medical devices to display its anatom-

ical and tissues details. It is reported that the eyeball

specimens from animals of one porcine and one Per-

sian cat were investigated with DEI by two groups of

scientists in 2007 and 2008 [11,12]. As to our knowl-

edge, none of the intraocular tissues from human be-

ings has ever been observed with DEI technique be-

fore.

As shown in Figs. 1 and 2, it seems possible us-

ing the DEI method to display the micro changes of

human eyeball, but the micro changes can not to be

displayed with the XACI method.

In principle, the behavior of X-rays as they pass

through a specimen can be described using a complex

index of refraction n, just as in conventional optics.

n = 1−δ− iβ. (2)

The real part δ determines the phase shift of the

X-ray when passing through the sample, while the

imaginary part β is correlated with the linear absorp-

tion coefficient µ [6, 7, 15]. The ratio of δ to β for

the light Z elements is normally as large as 1000 in

the range of dozens-keV of X-rays. A full understand-

ing of the mechanism underlying the DEI process de-

mands that hard X-rays be treated as waves rather

than rays [8]. The phase changes of the X-ray wave

cause transverse shifts in the original beam direction

(refraction) upon propagation through the media of

varying refractive index, which can result in an in-

tensity change in the image plane. Therefore, the re-

fraction image, being sensitive to the gradient of the

refractive index, shows dramatic edge enhancement

and provides a picture of the boundaries between re-

gions with different refractive indices.

The results of this study show that the XACI

images are ambiguous and far from the findings of

pathology, and not helpful to the diagnosis. The rea-

son is that the mechanism of XACI is mainly from

the photoelectric absorption, and the medical speci-

men of eye ring and most lesions of the eyeball, and

especially the tumors in early stage, are tiny masses

of soft tissue with inhomogeneous density made of low

Z elements, thus their X-ray absorption attenuation

is feeble.

Contrary to the absorption contrast, there is rel-

atively a great amount of phase information in the

specimens of eyeball when X-ray penetrates through,

which provides the ability to display the eyeball mi-

croscopic by the multi-contrast of DEI with syn-

chrotron radiation X-ray. From the results shown

above, the neuroblastoma (RB) (Fig. 1) which ap-

peared as a mass of soft tissues was very prominent

to corporis vitre from the posterior pole of eyeball.

The uveal metastases appeared as the eyeball wall

was thickened, but the boundary within the eye ring

was not clear (Fig. 2). In particular, most details of

the micro-layers of eye ring except the retina, namely

the fascia and connective tissue outside the sclera and

the uveal coat inside, are all displayed only by the

DEI images but not by the XACI images at all.

The image quality of intraocular tumor with DEI

technique is constrained by some factors. According

to the theory developed [2, 16], the X-ray beam diver-

gence, the quality of the crystals, and the resolution
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of the CCD detector are the key factors which de-

termine the image quality and the image resolution.

Although the DEI image quality in this preliminary

study is not yet at the same level as that of the op-

tical microscopy, the thick specimen of 2–5 mm is

observed. This will avoid the complex cutting pro-

cedures when the optic microscope is used to make

the conventional pathologic observation. It is also

expected that there are still many possibilities to get

a better DEI image quality with future improvements

of DEI apparatus, and optimization of the experiment

setup [17].

5 Conclusions

In conclusion, the DEI method is used for the first

time to display the layers of eye ring and pathology of

intraocular tumor in human beings with a resolution

of 40 µm. The tiny internal density differences of the

eyeball itself and the malignant intraocular tumor

which is composed mostly of low Z lighter elements

can be observed clearly. There is a great possibility

for DEI to be a new micro-imaging method for the

eyeball investigation. However, before the clinical

trials of DEI method are performed, the data of more

extensive conditions with DEI should be accumu-

lated.
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