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Objective: This study describes the application of a new ra

diographic imaging modality, phase-contrast radiography, to in 

vitro human temporal bone imaging and investigates its use in 

the development of new electrode arrays for cochlear implants. 

Background: The development of perimodiolar electrode ar

rays for cochlear implants requires detailed information from 

postoperative radiologic assessment on the position of the array 

in relation to the cochlear structures. Current standard radio

graphic techniques provide only limited details. 

Materials and Methods: Nucleus standard electrode arrays 

and perimodiolar Contour electrode arrays were implanted into 

the scala tympani of II human temporal bones. Both conven

tional and phase-contrast radiographs were taken of each tem

poral bone for comparative purposes. 

Results: Phase-contrast imaging provides better visualization 


of anatomic details of the inner ear and of the structure of the 
intracochlear electrode array, and better definition of electrode 
location in relation to cochlear walls. 

Conclusion: Phase-contrast radiography offers significant im
provement over conventional radiography in images of in vitro 
human temporal bones. It seems to be a valuable tool in the 
development of intracochlear electrode arrays and cochlear im
plant research. However, this new radiographic technique still 
requires certain computational and physics challenges to be 
addressed before its clinical use can be established . Key 
Words: Cochlear implant-Electrode position-Imaging
Imaging plate-Microfocus-Perimodiolar electrode-Phase
contrast radiography-Temporal bone. 

Otol NeU/'otol 22:862-868, 2001. 

In the development of advanced cochlear implants, 
improvements to the intracochlear electrode arrays are a 
key issue. To recognize a promising new design of in
tracochlear electrode array, it is imperative to know the 
exact anatomic position of the electrodes, the insertion 
depth, and any damage to cochlear structures that may 
occur. Currently, conventional radiography is the most 
common method for assessing the electrode position af
ter cochlear implantation (1-3). However, conventional 
radiography cannot clearly demonstrate the exact ana
tomic position of the electrodes in relation to the fine 
bony structures of the cochlea and any possible insertion
induced damage to them. In the study described here, a 
new radiographic imaging modality, phase-contrast radi
ography (4), was applied to in vitro human temporal 
bone imaging. 

This study was supponed by the Cooperative Research Center for 
Cochlear Implant and Hearing Aid Innovation, which is funded by the 
Commonwealth Government of Australia. 

Address correspondence and reprint requests to Dr. lin Xu, Depan· 
ment of Otolaryngology , University of Melbourne. 32 Gisborne Street , 
East Melbourne, Victoria 3002, Australia. 

Conventional radiography (Fig. I A) relies on the prin
ciples of absorption contrast derived from density differ
ences and variations in composition and thickness of the 
object. In comparison to conventional radiography , 
phase-contrast radiography (4,5) uses a microfocus x-ray 
source to produce a coherent spherical wave. When the 
spherical wave passes through the object, the wave front 
becomes distorted by refraction. A relatively large ob
ject-image distance is used to allow further wave propa
gation and interference effects to occur, resulting in ob
servable changes in intensity (phase contrast) in the 
image plane (Fig. I B). The imaging geometry used also 
provides an inherent magnification and improved signal
to-noise ratio. This projection geometry also enables re
cording media such as imaging plates to be used, with 
their inherent advantages such as high sensitivity and 
large dynamic range, without the severe limitation im
posed by their resolution (which is inferior to that of 
film, for example). 

Studies by Wilkins et al. (4) and Gao et al. (5) dem
onstrated that phase-contrast imaging is able to improve 
the visibility of weakly absorbing features in small bio
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FIG. 1. A, Geometric optics representation of imaging of an absorptive object with an incoherent source. The resulting image is blurred 
when the object-image separation is large. 8. Wave optics representation of imaging using a coherent source, demonstrating observable 
intensity variation caused by interference resulting from phase distortion of the wave front. 

logic objects. for eX<.Imple, using goldfish, dragonf'ly, 
porcille liver, chicken knee, <.Ind hUlllan finger bone 
s<.lmples. In 1999, a preliminary study by Xu et <.II. (6) 
was conducted to investig<.lte the possibility of using 
phase-contr<.lst radiogr<.lphy for the imaging of human 
temporal bone: the bone with the most intricate <.In<.ltomy 
and the highest bone density in the humall hody. The 
result was very ellcoumging. The study described here 
investigated the improvements that phase-contrast mdi
ography call deliver for in vitro human temporal hone 
imagillg and its potential rol e ill the development of ill 
tracochlear electrode <.Irr<.lys for cochlear illlpl<.lllts. 

MATERIALS AND METHODS 

Intracochlear electrode arrays 
The Nucleus stalluanJ elect roue array (Fig. 2A) and the 

new ly developed pcrimouiolar Contour el er troue arr;Jy (Fig. 

FIG. 2. Photomicrographs of Nucleu s standard electrode array 
(A) and perimodiolar Contour electrode array (8). 

28) were useu ill this sllluy . Tile str<Jight st;Jmlaru eicctroue 
array comprises 22 full-ballu PlatinulTl (PI) e lec trodes and 10 
lloll;Jctive supporting bands. with the si licone carrier t;Jpereu 
from <J tip ui<Jllleter or 0.4 n1l11 to 0.6 mill at the proxilllal enu. 
The precurved Contour electroue array has 22 half-band Pt 
eicctroues. orienteulOwaru the Illouiolus. witlltlle si licone car
ri er tapercu rrom a tip diameter or 0.6 to (Ul mill at tile proxi
mal end. The wiuth or each electrode is O.:! mill in both e lec
trodc designs. The diameter or the iriuium-platinum wire 
connccteu to each elect roue is 25 finl. 

Insertion of electrode arrays into temporal bones 
L::Ieven rormal in -prese rveu hUlllan temporal hone, wcre prc

parcJ as ror cochle;Jr implant surgery. A standard Nucleus elec
trode array was inserteu into the cochlea oC three temporal 
bones. The Nucleus Contour clectroue array wa.s insertcd into 
the cochbl or sevcn telll por<J I hones. A cochl ear ,urr~lce prepa
ration wa, performed unu er a microscope on six of these .se ven 
tempora l hone, arter insertion to as,c .ss e lectroue position anu 
possible ha,ilar membra ne uaillage. No electrode array W,\S 

inserted into the remaining teillporal hone. A profile or tilo,e 
temporal hones is sUlll nlari/ eU in Table I. 

Radiographic techniques 
Both a L'on ,'e ntional r;Jdiograph and a phase-contrast radio

graph wcre taken or eadl temporal hon e ror comparative [lur-

TABLE I. Profile or II "''''I)oml "()Jln 

Type' or 1l1le' l ~ l" C()chk;tr surracc prcparalioll 
T~Illporal bOIl~ ckL'trod ..... anay (after ill~L'nioll) 

TClllp"r,iI hOllc t - ~ SlallJ"rd Nu 
TClllporal bOIl~ .j Cu[}t()ur i\o 
TClTlpor,iI hOllc .'i-IO ( 'olliou r YL' S 

TClIlpor;iI hOIle' II No ~lcclrodc Nt> 
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TABLE 2. Teellllind pm/ill' of cOllvellliol1ol mdiograpln' ({lid ,JIIU.le-co/l/mSI mdiogm/lh, fiJI' l'pical ("(lSI'S IIsed ill IIIe 
IJre.l"('l1/ sllld.'" 

Ph;l:-.c-contrasl 
Conv~lltional radiograph y rauiography 

Focal 'POI 0.3 x 1.0 1111ll <\ ~1l1 

Source-object di , ':tnce ')9 cm 30 em 
Object-image di stance 35 Cill 170 ern 

EXPO' lon: (\0 kV, I,"l mA, ')0 kV, (\ mA, 
Recording medium Agfa Curi x Onho C",sclle wilh fine Fujitilll1 imaging pl:l1c BAS -5R (2025 ) 

inlen,ifying scre~ n Kodak G/RA I'i lm 
PowcrLonk2000 IX.5 ~lll / pi xel) Fujil'ilill BAS-5000 I 25 ~111/pi xe l) 

poses. All ullrarine r()CU ~ skull radiogr:lphic unil (UIIJ"aeranio: trial Illieroroew, x-ray unit (Model FX E-22S.20; Feinfoeus 
bOlOpan Sne. S. Angelo Romano (Rolml), 11:r1y) was used for Rbntgen-Systeille GmoH. G:rrbsen. Germany) with stationary 
laK ing COil vcntional rad iographs . The I'i Ims were scanned at target . and Fuji photoslimulable phosphor imaging plates , were 
8,S- f.1.1ll pi xe l sil.e w ith a PowerLook2()OO ,canner. An indus- lIsed ror taking the phase-contrast radiographs. The imaging 

FIG. 3. Comparison of conventional radiograph (A,C) and phase·contrast radiograph (B,O) of the labyrinth part of temporal bone 1 
implanted with an experimental Nucleus standard electrode array. (A,B, cochlear view) and the cochlear part of temporal bone 4 
implanted with a prototype version of the Nucleus Contour electrode array (C ,O, oblique view) SSC, superior semicircular canal; LSC, 
lateral semicircular canal; PSC, posterior semicircular canal ; fAM , internal auditory meatus. 
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plates were typically scanned at 25 ~m pixel size with a BAS
5000 sca nner. Technical proriles of both conventional radiog
raphy and phase-contrast radiography are detailed in Table 2. 
The phase-conlrast contiguration described is the subject or an 
issued patent (7) and ongoing Patent Cooperat ion Treaty ap
plications held by X-Ray Technologies Pty. Ltd. , M elbourne, 
Australia. 

RESULTS 

Conventional versus phase-contrast radiographs 
Conventional and phase-contrast radiographs were ob

tained for each temporal bone. The significant portions 
or the images were enlarged to an appropriate size for 
comparison . Figure 3 shows the cochlear view ( I ) of the 
labyrinth part of temporal bone I implanted with a 
Nucleus standard electrode array and an oblique view of 
the cochlear part of temporal bone 4 implanted with an 
early prototype version of the Nucleus Contour electrode 
array. 

It is apparent that the imaging contrast was much en
hanced at the edge of canal -type structures, such as the 
semicircular canals, the cochlea, and the internal audi
tory meatus, by the use of phase-contrast radiography 
(Fig. 3 B,O) in comparison with conventional radiogra
phy (Fig. 3 A,C). A good example of such a sharp con
trast, between the otic capsule and the air- or fluid-filled 
cochlear scalae, is evident in Figure 3~. 

Figure 4 shows part of a Nucleus standard electrode 
array in the cochlea of temporal bone I (Fig. 4 C,O) and 
part of the Contour electrode array in the cochlea of 
temporal bone 4 (Fig. 4 A,B) at a higher magnification. 
The phase-contrast radiographs (Fig. 4 B,O) contain 
more details of the microstructures of the electrode array. 
Single iridium-platinum wires, which are only 25 /.Lm in 
diameter, can be clearly identitied. By comparison, the 
platinum bands and wires are very blurry and indistinct 
in the conventional radiographs (Fig . 4 A,C). 

It is obvious not only that the anatomic structures of 
the inner ear are shown in much greater detail by phase
contrast radiography, but also that the images of the elec
trode arrays are much more detailed. This advantage has 
not been observed with any of the other radiographic 
methods available to us previously. 

Position of the electrode array within the cochlea 
Figure 5 shows phase-contrast radiographs (cochlear 

view) of temporal bone I implanted with the Nucleus 
standard electrode array and temporal bone 6 implanted 
with the Nucleus Contour array. The enhanced imaging 
contrast at the edge of the cochlear wall using phase
contrast radiography enables better definition of the po
s ition of an electrode array in relation to the walls of the 
cochlea. The standard array in temporal bone I was lo
cated along the outer wall of the cochlea (Fig. SA), far 
from the neural elements. In temporal bone 6, the Con
tour array (Fig. 5B) was inserted more deeply and posi
tioned closer to the modiolus, compared with the stan
dard array in temporal bone I (Fig. SA). 

A group of six temporal bones (temporal bones 5-10) 
was implanted with the Nucleus Contour electrode array. 
A surface preparation was performed on each temporal 
bone after electrode insertion. Figure 6 shows the phase
contrast radiographs of these six temporal bones (co
chlear view orientation). The resultant images indicate 
that, in general, the Contour array lies close to the 
modiolus and achieves a greater insertion depth than 
does the standard Nucleus array. More details of two 
representative temporal bones are shown in Figures 7 
and 8. 

The phase-contrast radiograph of temporal bone 6 im
planted with the Contour electrode array shows that the 
array is loca ted close to the inner wall of the cochlea 
(Fig. 7 A). Careful observation of the side view of the 
phase-contrast radiograph (Fig. 7B) shows that the os
seous spiral lamina (OSL) is just visible , with the Con
tour array positioned under the OSL in the sca la tympani. 
A cochlear surface preparation of this cochlea confirmed 
earlier that the insertion had been atraumatic: the elec
trode was visible through the intact basilar membrane 
and completely located in the scala tympani (Fig. 7C). 

In temporal bone 8, the Contour array pierced the bas
ilar membrane during insertion, and the apical part of the 
array was positioned in the scala vestibuli . This had been 
observed during the cochlear surface preparation after 
insertion (Fig. 8C) On the side view (Fig. 8B) of thi s 
temporal bone, the position of the apical electrodes in the 
scala vestibuli was indicated by the superiorly displaced 
array in the lower middle and upper basal turn. 

FIG. 4. Enlargements of part of the Nucleus standard electrode 
array in the cochlea of temporal bone 1 (C,D) and the Contour 
electrode array in the cochlea of temporal bone 4 (A,B). Conven
tional radiographs (A,C) and phase-contrast radiographs (B,D). 
Diameter of microwires, 25 ~m. 
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FIG. 5. Phase-contrast radiographs (cochlear view) of temporal 
bone 1 implanted with the standard array (A) and temporal bone 
6 implanted with the Contour array (B) demonstrating that the 
Contour array was inserted deeper and closer to the modiolus. 
Arrowhead, outer wall of the cochlea; M. modiolus. 

DISCUSSION 

In conventiona l radiography, the quality of the radio
graph is usuall y improved by reducing the focal spot size 
and obj ec t-image di stance . Such an improve ment is 
Illuch more distinct in phase-contrast radiography. which 
uses a microfocus x-ray tube source and large projection 
distances (Fig. I B). The microfocus source size ensures 
the sufficient ly high leve l of spati al coherence of the 
x- rays on which the method reli es. A very important 
aspect of thi s arrangement is the appropriate choice of 
source-objec t and object-image distances. Conventional 
radiography is based on absorption-contrast, whereas 
phase-con trast radiography is based on phase or refrac 
ti on effects . There fore, in conve ntional radiogra phy. in
creas ing objec t-image di stance will usually degrade the 
clarity of the image (Fig. I A). However. large object
image distances are used to advantage in the phase
contrast technique (Fig. IB). 

Improvements of phase-contrast radiography in 
temporal-bone imaging 

The temporal bone contains a wide range of bone den
si ti es and variations in composi tion. Whereas the highest 

FIG. 6. Phase-contrast radiographs (cochlear view) of cochlear 
part of temporal bones 5 through 10 showing that the Contour 
array was generally close to the modiolus. 
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FIG. 7. Example of atraumatic insertion of the Contour array in 
temporal bone 6. A. Coch lea view 01 phase-contrast radiograph . 
B. Side view of phase-contrast radiograph showing the Contour 
array loca ted under the osseous spiral lamina (OSL). C. Photo
micrograph of the suriace prepared cochlea confirming that the 
electrode array is under the intact basilar membrane (8M) . ST, 
scala tympan i; arrowhead, margin of silicone ca rrier of electrode. 

concentrati on o f calcium can be found in the bone sur
rounding the labyrinth and in side the mod iolus. weakly 
abso rbing soft ti ssue, delicate stru ctures (e.g. mem
branes. the organ of Corti . osseous spiraJ lamina) and 
tluid -filled canal s (labyrinth) ex ist within the temporal 
bone . Moreove r. the temporal bone also has a large range 
in the geometric dimen sions of the various bony compo
nents. The maximum dimension of the bony labyrinth, 
from the posterior end of the lateral se micircular canal to 
the anterior end of the cochl ea , is about 20 mIll, whereas 
the thickness of the OSL is on ly about 0. 1 mm (unpub
lished data from our laboratory). Conventional radiogra
phy is incapable of showing such fine detail s of the tem 
poral bone . The result s for phase-contrast radiography 
showed significant improvements in the detail of struc
tures compared with conve ntional radiography in images 
of in vitro human temporal bones. These improvements 
include enhanced contrast at the edge of canal-t ype fea
tures, inherent image magnifi ca ti on, higher spatial reso
lution, improved signal to background (via the so-called 
ai r-gap effec t) (5) and ability to use detectors such as 
imaging pl ates (cf. norma l radiographic film without an 
intensifying screen). 

The increase in co ntrast of the prese nt radiographs of 
our tempora l bone sa mples could be the result of two 
mechani sms: I) Ed ge-enhanced contrast (8) of phase 
contrast imag ing increases the contrast at the edges of 
canal-type features. Because the petrous part of the tem
ponti bone is characterized by slich canal -type features 
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FIG. 8. Example of traumalic insertion of the Contour array in 
temporal bone 8. A. Cochlear view of phase-contrast radiograph . 
B. Side view of phase-contrast radiograph showing the superiorly 
dispfaced array in the upper basal turn and the lower middle turn . 
C. Photomicrograph of the su rface prepared cochlea confirming 
that the Contour array had pierced the basilar membrane (arrow
head) . 
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(cochlea, vestibule, semicircular canals, facial nerve ca
nal, internal auditory meatus), the anatomic entities, es
pecially in this section of the temporal bone, will be 
shown more clearly with the new imaging modality. 2) 
Absorption contrast, which is still present in phase
contrast radiographs , shows best the low spatial frequen
cies (large features) of an absorptive object and has im
proved signal to background in the present geometry . 
The contributions of phase contrast and absorption con
trast to the total image contrast are largely complemen
tary, relating to high and low spatial frequencies, respec
tively, and can therefore provide more infonnation than 
a conventional radiograph. 

In agreement with Wilkins et at. (4) and Gao et at. 
(5,8), who showed that phase-contrast radiography im
proves the contrast of weakly absorbing features in small 
biologic objects, we also noted that phase-contrast radi
ography improved the contrast of weakly absorbing fea
tures within the dense structures of human temporal 
bone. In particular, delicate structures, such as the OSL, 
were visible in the side view of temporal bone 6 
(Fig. 7B), and nonmetallic materials, such as the silicone 
carrier of the electrode array, were observed in Fig
ure 7 A,B. 

The inherent image magnification is another improve
ment offered by phase-contrast radiography, especially 
when high spatial resolution is desired . Therefore , phase
contrast radiographs tend to retain sharpness better than 
do conventional radiographs when enlarged or zoomed 
(Fig. 4 B,D). 

The ability to use imaging plates with higher detective 
quantum efficiency and a wider dynamic range than con
ventional radiographic film clearly has advantages of re
ducing the absorbed dose and increasing the level of 
information gained. This digital device is ideal for com
bining with the inherent image magnification of phase
contrast radiography. 

Phase-contrast radiography in perimodiolar 
electrode development 

It has already been demonstrated that the standard 
Nucleus multichannel electrode array is safe for use in 
profoundly deaf patients. However, the standard straight 
array is usually located along the outer wall of the co
chlea (Figure SA). A study by Shepherd et al. (9) has 
shown that moving the electrode array from the outer 
wall of the cochlea toward the modiolus , which contains 
the spiral ganglion cells in the Rosenthal canal, can re
duce stimulus thresholds and increase the dynamic range. 
From a very early stage of our perimodiolar electrode 
development (10, II), the aim has always been to achieve 
a perimodiolar placement of the electrode with as little 
insertion-induced damage as possible (10-12). Cohen et 
al. (3) developed a method to estimate the position of the 
electrode within the cochlea using the postoperative ra
diographs (a cochlear view (1) orientation). The accuracy 
of this method relies on the visibility of anatomic land
marks on the radiograph. The study described here dem
onstrates that phase-contrast imaging can have important 

advantages in the visualization of those anatomic details 
of both the inner ear structures and the intracochlear 
electrode array. It therefore can provide a better defini
tion of electrode location in relation to the outer cochlear 
wall and the modiolus. The method is capable of spatial 
resolutions on the order of about I ).Lm, because spatial 
resolution can be comparable to the source size (13). 
Therefore, phase-contrast radiography is well suited to 
the investigation of any microelectronic devices. 

Clinical application of phase-contrast radiography 
Phase-contrast radiography relies on having high spa

tial coherence of the x-rays and a very uniform wave
front incident on the feature of interest. The technique is 
very sensitive to extraneous mechanisms of scattering 
that either complicates the wavefront or adds back
ground. In practice, this will mean strict quality controls 
on in-line components such as windows and filters as 
wel.l as a limit on the thickness of objects to be imaged. 
Nonetheless, previous studies (4,5) have reported experi
ments demonstrating detectable phase-contrast on soft
tissue samples ::;50 mm in thickness. Moreover, this 
study provides support for the feasibility of applying 
phase-contrast radiography to in vitro human temporal 
bone. However, its usefulness in large objects or even 
cochlear implant patients in a clinical setting is still an 
ongoing computational and physics challenge. 

CONCLUSIONS 

This study demonstrates that phase-contrast radiogra
phy offers significant improvement over conventional 
radiography in images of in vitro temporal bones. The 
phase-contrast imaging provides better visualization of 
anatomic details of the inner ear and of the structure of 
the intracochlear electrode array, and better definition of 
the electrode position in relation to the cochlear wall. It 
is a potentially valuable tool in the development of new 
electrode arrays for advanced cochlear implant systems. 
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