
_ Q

F(a) - S D Â«t,(x, y) + - , - t2(x, y) - t3(x, y) . Eq. A16
* y L ' J

Setting the first derivative of F(a) to zero, parameter a is obtained
as:

- t2/4)(t, - t2/4)
x y

a = (t.- 12/4)2 Eq. A17

x y

Once parameter a is obtained, parameter b is calculated via
Equation A8.
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Pinhole SPECT Imaging in Normal and Morbid Ankles
Yong-Whee Bahk, Soo-Kyo Chung, Young-Ha Park, Sung-Hoon Kim and Hyoung-Koo Lee

Department of Radiology, Samsung Cheil Hospital, Seoul; and Department of Nuclear Medicine, Catholic University Medical
College Hospitals, Seoul and Suwon, Korea

Pinhole SPECT can generate sectional nuclear Â¡magesof a normal
and morbid ankle and hindfoot with remarkably enhanced resolution
by portraying the topography and pathological alterations in great
detail. Methods: Pinhole SPECT was performed using a commer
cially available single-head, rotating gamma camera system by
replacing the parallel-hole collimator used for planar SPECT with a
pinhole collimator. The images were reconstructed in the same way
as in planar SPECT by using the filtered back-projection algorithm
and a Butterworth filter. First, we compared the scan resolution
between the planar and pinhole SPECT images of a thyroid phan
tom and a normal ankle and hindfoot by working out pinhole SPECT
anatomy with CT validation. Second, the clinical usefulness was
assessed in one case each of fracture, reflex sympathetic dystrophy
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syndrome and rheumatoid arthritis of the ankle with radiographie
correlation. The resolution of the pinhole SPECT and planar pinhole
images was compared for these diseases. Results: The resolution
of the pinhole SPECT of a thyroid phantom and of a normal ankle
and hindfoot was significantly enhanced compared to the planar
SPECT although image distortion was seen in the periphery of the
field-of-view. The pinhole SPECT resolution was such that most of

the anatomical landmarks were sharply delineated in the ankle and
hindfoot and some useful diagnostic signs in the diseased ankle
were visible. Conclusion: Pinhole SPECT can be performed using a
single-head gamma camera system and filtered back-projection
algorithm. It generates sectional scan images of both normal and
morbid ankle and hindfoot with enhanced resolution portraying
many anatomical landmarks and pathological signs in useful detail.

Key Words: SPECT; pinhole;bone; ankle
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FIGURE 1. Comparison of the resolutionof planar SPECT and pinhole SPECT images of thyroid phantom. (A) Planar SPECT images poorly portray the cold
and hot areas (2-4) with the smallest defect in the left upper lobe not visualized. Observe the miniaturing effect. (B) Pinhole SPECT images distinctly portray
all three cold areas (7-3) and a "hot" (4) area as well as the phantom contour. The injection tips are also distinctly visualized (arrows). (C) The close-up of a

representative pinhole SPECT image shows how well the cold (2,3) and hot areas (4) and the injection tips are portrayed. Note the peripheral image distortion
in the left upper lobe (pd).

Ã–PECT is a nuclear imaging method that has contributed to the
progress of modern cardiology, brain science, osteology and
oncology. SPECT was introduced in 1963 by KÃ¼hland Edwards
under the name "image separation radioisotope scanning" (7)

and has since undergone continuous modification and refine
ment (2-5). SPECT images are generated from multiple-

sectioned scans of an object reconstructed by using the filtered
back-projection algorithm. The typical display is two-dimen
sional in the transaxial, coronal and sagittal planes; oblique
planes can then be added. SPECT has two distinct advantages.
First is the separation of disturbing radioactivities distributed in
front of or behind the plane of interest. Second is contrast
enhancement permitting a quantitation of photon distribution in
an object (3). Unfortunately, however, its resolution is not
improved. SPECT resolution has been shown to degrade when
compared to that of the planar scan (4) or to be only the same
at best (5). SPECT is not suited for the imaging of small
anatomies or fine chemical alteration and has been used mostly
for the imaging of a relatively large anatomical structure with
prominent chemical profile alteration.

The value of the pinhole magnification technique in the study
of skeletal diseases has been well-documented systemically
(6,7), as well as in several individual bone diseases (8-16).

Recently, the SPECT using a pinhole collimation (pinhole
SPECT) to further enhance image resolution was described by
Palmer and Wollner (17) and by Olsson and Ahlgre (18). The
former group used a 3.3-mm pinhole collimator to magnify
emission computed tomographic (ECT) images of a Xe
cylinder, 99mTc multitube phantom and a rabbit lung model,
aptly naming the method "pinhole ECT," and the latter per
formed similar studies on WmTc double-line phantom and

human thyroid nodules. A tomographic nuclear bone imaging
was attempted using cone-beam collimation (79). Processed
with a modified software, pinhole SPECT was successfully
applied recently to the diagnosis of thyroid diseases (20).

We have recently performed pinhole SPECT studies on a
thyroid phantom and a normal and morbid ankle and hindfoot.
First, pinhole SPECT resolution was assessed by comparing it
with the resolution of planar SPECT images of a thyroid
phantom and a normal ankle and hindfoot. As a baseline,
normal pinhole SPECT anatomy of the ankle and hindfoot was
worked out with a CT validation. Second, the clinical useful
ness of pinhole SPECT was assessed in one patient each with a
talar fracture, reflex sympathetic dystrophy syndrome (RSDS)
and rheumatoid arthritis of the ankle with radiographie corre
lation. The resolution of pinhole SPECT was compared to that
of planar SPECT and of planar pinhole scan in these ankle

diseases. We used a single-head, gamma camera system with
360Â° rotation feasibility that was connected to a standard

software for image reconstruction using the filtered backprojec-
tion algorithm and a laser printer.

MATERIALS AND METHODS

Thyroid Phantom
An acrylic thyroid phantom provided with three cold areas in the

left upper and lower lobes and the right upper lobe and one hot area
in the right lower lobe and two small injection tips was used. The
phantom was filled with 185 MBq (5 mCi) '""Tc-pertechnetate

solution and subjected to planar SPECT and pinhole SPECT.

Phantom Imaging Technique
The gamma camera system we used was a single-head Orbiter

with a Digitrac 7500 detector with 360Â°rotation feasibility (Sie

mens Co., Germany). It was connected to an Icon data processor
that enabled image reconstruction using the filtered backprojection
algorithm and a Butterworth filter (Siemens Co., Germany). The
planar SPECT of the phantom was performed by 360Â°rotation
using a high-resolution, parallel-hole collimator. The collimator-
to-phantom distance was 15 cm with adequate space for detector
rotation and 8000 counts were accumulated per acquisition in 5 sec.
A total of 64 acquisitions were made in 380 sec (5 sec/acquisition
and 2 min for relocation). Images were reconstructed transaxially
using the filtered backprojection method (Fig. 1A). Then, 360Â°
pinhole SPECT was performed after replacing the parallel-hole
collimator with a 4-mm pinhole collimator that was inserted into
the tip of 20-cm-high shielding adapter cone (Fig. 1B,C). The scan
parameters were the same as in planar SPECT except for an
extension of scan time from 5 sec/acquisition to 8 sec/acquisition.
Images were reconstructed using the same filtered backprojection
algorithm that was provided commercially.

Clinical Studies of the Ankle and Hindfoot
Normal Ankle and Hindfoot. The baseline planar SPECT (Fig.

2A) and pinhole SPECT (Fig. 2B) were performed in the normal
ankle and hindfoot of a 55-yr-old man who was referred for bone
scintigraphy as a part of the clinical staging of known lung
cancer.The skeletal system was normal clinically, radiographically
and scintigraphically. The ankle and hindfoot were chosen because
they are well separated from other body parts and provide suffi
cient space for 360Â°rotation of the detector, which was shielded
with a 20-cm-high pinhole adapter cone. The ankle and hindfoot
are also made up of several small irregular bones and joints that
have the specific anatomical features serving as excellent morpho
logical landmarks for an unaided eye assessment of the resolution.
A matched set of sagittal CT scans of the ankle and foot was
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RGURE 2. Comparison of the resolution
of planar SPECT and pinhole SPECT im
ages of a normal left ankle and hindfoot.
(A) The planar sagittal SPECT images of
the ankle show ill-defined and poorly sep

arated irregular hot areas in the talus (t),
the calcaneus (c), the talonavicular joint
(tnj), the sustentaculum tali (st) and the
Â¡nterosseousligament (iol), except in the
medial malleolus (mm), which is anatom
ically a well separated structure. The hot
areas are smudgy in appearance and the
delineation of individual anatomical land
marks is less sharp. (B) In contrast, pin-

hole SPECT images delineate the hot
areas in a discrete way satisfactorily de
fining small anatomies with the addition
of the talocrural (arrow) and calcane-

ocuboid joint (ccj) (see Fig. 3). Note the
sharper delineation of the cortical profile
of the calcaneus (c).

B

obtained for reference and validation from another healthy man
who had a similar radiographie foot anatomy because the patient
was unwilling to have a CT scan. For an efficient correlation and
reliable validation of the individual anatomy, we used the sagittal
views of pinhole SPECT and CT, which were arranged in paired
panels as shown in Figure 3 (A-C).

Morbid Ankle and Hindfoot. The diagnoses of three ankle
diseases included an old talar fracture with deformity and second
ary osteoarthritis, RSDS complicating bimalleolar fracture and
rheumatoid arthritis with tenosynovitis. Diagnoses were based on
laboratory tests and a plain radiograph, CT scan and MR1, where
necessary, and bone scintigraphy (Figs. 4-6). The planar pinhole
scan of each patient showed prominent tracer accumulation in the
ankle and hindfoot, which provided sufficient radioactive counts
for both planar and pinhole SPECT within a reasonably short
period of time.

Planar Pinhole Scintigraphy Techniques
The planar pinhole bone scintigraphy was performed 1.5-2 hr

after intravenous injection of 925 MBq (25 mCi) HDP before
planar and pinhole SPECT scans using a 4-mm pinhole collimator.
A total of 450-500 Kcts were accumulated over a 15-20 min

period.

Techniques for Planar and Pinhole SPECT
The planar SPECT of the ankle was performed immediately

after planar pinhole scan by 360Â°detector rotation using a

high-resolution, parallel-hole collimator. The same filtered
back-projection algorithm and a Butterworth filter were used
for reconstruction as in the phantom study. The subject lay
down in the decubitus position on a scan couch to let the medial
surface of the ankle, rested on the flexed opposite knee and
lower leg, be snugly placed in a slightly tilted lateral position.
The collimator-to-target distance was 18 cm and 64 acquisitions
were made over a period of 18 min ( 15 sec/acquisition and 2
min for relocation). The radioactivities accumulated were 3.5
K.cts/aquisition-14 Kcts/acquisition and the slice thickness was
2.4 mm. Pin-SPECT was performed in the same way as planar
SPECT using 360Â°rotation of the detector that was collimated

with a 4-mm pinhole and 20-cm-high adapter cone. The
pinhole-to-target distance was 13-15 cm, the radioactivities
accumulated were 7.5 Kcts/aquisition-8 Kcts/acquisition and

the scan time was 45 min for 64 acquisitions (average 40
sec/acquisition and 2 min for relocation).

For a reliable assessment of topography, the lateral radio
gram, the sagittal SPECT and CT scans were used. In the lateral
and sagittal views, objects are arrayed longitudinally so that the
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FIGURE 3. Normal sagittal pinhole
SPECT anatomy of the ankle and hind-

foot with CT validation. (A) Pinhole
SPECT images (panels 1, 3, 5) and cor
responding CT scans (Panels 2, 4, 6) of a
normal ankle portray small anatomical
landmarks in the ankle and hindfoot. In
both pinhole SPECT and CT scans, the
sectioning progresses from the medial to
lateral direction and the slice thickness is
2.4 mm. The abbreviations used are
spelled out in Table 1. (B) Paired close-up

views of three representative pinhole
SPECT and CT images clearly define an
atomical landmarks including the troch-
lear surface (trs), condensed bone tra-

beculae (bt), sustentaculum tali (st),
subtalar joint (stj), lateral and medial mal-

leolus (Im and mm), talus and calcaneus (t
and c) and interosseous ligament (iol). (C)
Paired close-up views of the other three
pinhole SPECT and CT images also
clearly define the insertions of the deltoid
ligament (dl), the talonavicular ligament
(tnl) and the peroneal tendon (pt). In ad
dition, the medial malleolus (mm), calca
neus (c), medial articular surface of talus
(mas), navicular (n), condensed bone tra-
beculae (bt) and first cuneiform c, are
portrayed.

dimension is longer (larger) and the congruency with the
neighboring structure is better than in the transaxial or coronal
views enabling easier recognition and more accurate identifica
tion of the individual anatomical landmarks.

Comparison of Resolution of Planar and Pinhole SPECT
An unaided visual assessment of the resolution of planar

SPECT and pinhole SPECT images of the thyroid phantom was
made in a semiquantitative way (Figs. 1A-C). Three senior
nuclear physicians analyzed the images and the results were
graded arbitrarily into poor, good and excellent according to
how sharp the delineation of the phantom contour, hot and cold
areas, and the injection tips were:

1. The overall resolution of the planar SPECT and pinhole
SPECT images of a normal ankle and hindfoot was
semiquantitatively assessed in the same way as in the
thyroid phantom study and the clarity of individual
anatomical landmarks was compared (Figs. 2A, B).

2. Individual anatomical landmarks were identified in the
sagittal pin-SPECT images and these observations were
validated against CT scans that were sliced with the same
thickness of 2.4 mm as that of pinhole SPECT (Fig.
3A-C).

3. The resolution of pinhole SPECT, planar SPECT and
planar pinhole scan images was compared in one case
each of talar fracture with osteoarthritis (Fig. 4) and
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FIGURE 4. Comparison of the resolution of planar SPECT, pin-SPECT, and planar pinhole images of an old left talar fracture and osteoarthritis in the talocrural
and subtalar joints with radiographie correlation. (A) The planar sagittal SPECT images show a diffuse ill-defined increased tracer accumulation in the whole
ankle without localizing signs (arrow). The fracture is not well-defined (fx). (B) In contrast, the sagittal pinhole SPECT images portray sharply defined, X-shaped,

intense tracer accumulation in the fracture in the central talar body (fx) with depressed neck (dn) and porotic posterior process (pp). The talus is flattened and
elongated sagittally (troc and three arrows). Irregular increased tracer accumulations along the flattened trochlear surface (troc) and subtalar joint (stj) represent
degenerative osteoarthritis. mm, las and Im, respectively, denote the medial malleolus, lateral articular surface of the talus and lateral malleolus. (C)The lateral
planar pinhole image shows tracer accumulation in the fracture (fx), depressed neck, talocrural joint and lower talus. The separation of individual features is
not so sharp as in pinhole SPECT due to overlapping. (D) The lateral radiogram shows markedly thickened trabeculae in the talar body obscuring the fracture
(x). The talus is flattened, the neck depressed (n), the sustentaculum tali ill-defined (st), and the talocrural and subtalar joints are narrowed due to osteoarthritis

(upper and lower arrowheads). Note the porotic posterior process (pp).

rheumatoid arthritis with tenosynovitis of the ankle (Fig.
6). In RSDS, the resolution was compared only between
the pinhole SPECT and planar pinhole scan images. The
resolution was assessed in terms of how distinct the
delineation of the bone and articular alterations in the
individual diseases were and how well they represented
the pathological condition in question.

4. Pinhole SPECT signs were assessed in each disease (Figs.
4B, 5A and 6A) and the observed signs were correlated with
and validated against radiography (Figs. 4D, 5C and 6C).

RESULTS

Images of the Thyroid Phantom
The resolution was poor in planar SPECT (Fig. 1A) and

excellent in pinhole SPECT (Figs. IB, C). Planar SPECT
could not clearly define individual cold and hot areas. The
smallest cold area in the left upper lobe and the injection tips
were virtually indistinguishable. In contrast, pinhole SPECT
could sharply define the phantom contour with two injection
tips as well as three cold and one hot areas. There was
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FIGURE 5. Ovoid and spotty hot areas in the ligamentous and tendinous insertions in pinhole SPECT images of RSDS, planar pinhole scan comparison, and
radiographie correlation. (A) The sagittal pinhole SPECT Â¡magesof the right ankle show many characteristic discrete ovoid and spotty hot areas in insertions
of the talonavicular ligament at talar neck (tnl at n), posterior tibiotalar and talofibular ligaments at posterior malleolus and posterior talar process (ttl, tfl at pm,
pp), interosseous and cervical ligaments at subtalar bone (iol, cl at stj, pstj) and calcaneofibular ligament at lateral malleolus (cfl at Im) and the lateral part of
calcaneus (last two frames in bottom panel). The calcanean tendon insertion at posterior calcanean surface tip (ct) and fracture in medial malleolus, which
is responsible for RSDS in this patient, concentrate tracer intensely (mm, fx). (B)The lateral planar pinhole Â¡mageshows diffuse tracer accumulation in the ankle
joint, medial and posterior malleoli (mm, pm), and fracture (fx). Separation of anatomy is insufficient due to overlapping and the ovoid and spotty hot areas
are not visualized. (C) Lateral radiogram shows multiple blotchy areas of subcortical bone rÃ©sorptionin tendinous insertions at talar neck (n), posterior
malleolus (lig), posterior process (pp), subtalar joint bone (stj), sustentaculum tali (st) and posterior calcanean surface tip (ct). Old bimalleolar fracture is also
shown (ofx).

considerable image distortion in the extreme periphery of the
field-of-view due to the inherent hardware problems of the
detector system.
Images of Normal Ankle and Hindfoot

The comparison of the resolution of planar SPECT (Fig. 2A)
and pinhole SPECT images (Figs. 2B and 3A-C) of a normal
ankle and hindfoot showed the resolution of the latter SPECT to
be significantly better. Bone and joint anatomy were better
defined in the pin-SPECT images than in the planar SPECT
images and so the identification, with pin-SPECT, of individual
anatomical landmarks was much easier and more accurate. In
addition, pin-SPECT was able to delineate the subtle metabol-
ically-active anatomical landmarks such as the tendinous and
ligamentous insertions and condensed trabeculae in the weight-
bearing axes of the talus and calcaneus (Figs. 2B and 3A-C).

Pinhole SPECT was able to delineate all major anatomical
landmarks in the ankle and hindfoot (Fig. 3A, panels 1, 3, 5),
and each of the landmarks was closely correlated with, and
validated against, the CT scan (Fig. 3A, panels 2, 4, 6). The
anatomical landmarks observed and validated were as shown in
Table 1. It was possible to identify the medial and lateral
malleoli along with the talofibular joint, talocrural joint, subta
lar joint, sustentaculum tali, talar neck and talonavicular joint
(Fig. 3B). The insertions of the talofibular ligament, talonavic
ular ligament, deltoid ligament, cervical ligament, interosseous
ligament and peroneal tendon were also clearly identified (Fig.
3C). In the normal ankle, the joints accumulated tracer more
avidly than the tendious or ligamentous insertions. This rela
tionship became reversed in RSDS. The thickened trabeculae in

the weight-bearing axes of the talus and calcaneus were
portrayed as small, band-like intraosseous tracer accumulations
reflecting their increased metabolic activity (Fig. 3B, panel 3;
Fig. 3C, panel 2). To identify the small anatomical landmarks in
the hollow medial aspect (Fig. 3A, top panel; Fig. 3C, panel 1)
and rough lateral surface of the talus and calcaneus, much
greater scrutiny was required.
Images of MorbidAnkles and Hindfeet

Comparing the resolution of planar SPECT, pinhole SPECT
and planar pinhole scan in talar fracture, RSDS and rheumatoid
arthritis showed significant differences in the demonstrability of
pathological alterations. The planar SPECT of the talar fracture
showed an ill-defined increased tracer accumulation in the
ankle without specific or localizing signs (Fig. 4A). However,
pinhole SPECT showed a distinct X-shape tracer accumulation
in the fracture (Fig. 4B). The talar body collapse, the talar neck
depression and the secondary osteoarthritis in the talocrural and
subtalar joints were also clearly delineated. All such pinhole
SPECT alterations were closely correlated with the radio-
graphic alterations (Fig. 4D). Somewhat similar differences
were observed between the resolution of planar SPECT and of
pinhole SPECT in rheumatoid arthritis. No comparison study
was done in RSDS.

The resolution of the pinhole SPECT and the planar pinhole
scan in all three diseases also differed significantly (Figs. 4C,
5B and 6B). The resolution of the planar pinhole scan showed
well-delineated major anatomical landmarks, but there was
overlapping. In both RSDS and rheumatoid arthritis, the planar
pinhole scan showed diffusely increased tracer accumulation in
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TABLE 1
The Abbreviations Used in Legends for Figures

Abbreviation Meaning

as
atfj
atfl
bt
c
C1.2.3

ccj
ch
d
C01J23

CHJL2

CS

Ct

cu
dl
iol
Im
lus
mas
mm
mus
n
Pi
ps
Pt
Ptf)
st
stj
t
tfl
tncj
tnj
tnl
trs
ts
ttj

Articular surface
Anterior tibiofibular joint
Anterior talofibular ligament
Bone trabeculae, condensed
Calcaneus
First, second, third cuneiform
Calcaneocuboid joint
Calcanean hollow
Cervical ligament
Second, third cuneometatarsal joint
First, second cuneonavicular joint
Calcanean sulcus
Calcanean tendon
Cuboid
Deltoid ligament
Interosseous ligament
Lateral malleolus
Lateral under surface
Medial articular surface
Medial malleolus
Medial under surface
Navicular
Plantar ligament
Posterior surface
Peroneal tendon
Posterior tibiofibular joint
Sustentaculum tali
Subtalar joint
Talus
Talofibular joint
Talonaviculocuneiform joint
Talonavicular joint
Talonavicular ligament
Trochlear surface
Tarsal sinus
Tibiotalar joint

the ankle obliterating the talocrural joint. However, pinhole
SPECT showed a different tracer accumulation pattern. The
pinhole SPECT in RSDS was characterized by many small
discrete ovoid and spotty areas of intense tracer accumulation in
the tendinous and ligamentous insertions and the subcortical
bone rÃ©sorption(Fig. 5A). The pinhole SPECT in rheumatoid
arthritis was characterized by diffused tracer accumulation in
the intercommunicating synovial joints of the ankle. In the talar
fracture, both the pinhole SPECT and planar pinhole scan
portrayed fracture and talar body collapse equally well, but the
osteoarthritis in the trochlear surface and the subtalar articular
bone was more distinctly portrayed in pinhole SPECT (Figs.
4B, C).

The assessment of the pinhole SPECT manifestations of the
three ankle diseases showed several interesting signs that
appeared to be specific to the disease in question.

SAMPLE CASES
Case /.This case was a 19-yr-old man with a 10-mo-old left

talar fracture with body collapse and neck depression as well as
secondary osteoarthritis in the talocrural and subtalar joints
(Fig. 4D). The pinhole SPECT clearly portrayed an X-shaped
fracture involving the talar body that was collapsed and de
pressed in the neck. Osteoarthritic alterations were also dis
tinctly visualized (Fig. 4B). The planar SPECT showed gener
alized tracer accumulation in the whole ankle and visualized
neither a fracture nor osteoarthritic joints (Fig. 4A). The

resolution of the planar pinhole scan was higher than the planar
SPECT (Fig. 4C), but it was lower than the pinhole SPECT.
Arthritic alterations in the talocrural and subtalar joints and
fracture were most clearly shown in pinhole SPECT.

Case 2.This case was a 29-yr-old man with RSDS that was
related to a bimalleolar fracture in the right ankle. Radiography
showed an old fracture with several small, blotchy subcortical
bone rÃ©sorptionareas in the regional bones (Fig. 5C). The
pinhole SPECT showed prominent tracer accumulation in the
bimalleolar fracture that underlay RSDS. Most importantly,
multiple discrete ovoid and spotty hot areas were portrayed at
the insertions of the talofibular, tibiotalar, cervical and talona-
vicular ligaments as well as at the calcanean tendon where
subcortical bone rÃ©sorptionwas shown radiographically (Fig.
5A). The latter finding probably denotes "the dramatic bone

rÃ©sorptionmediated by vasoactive intestinal peptide liberated
from sympathetic nerve fibers in RSDS" (25). In contrast,

however, the planar pinhole scan showed tracer accumulation to
be simply diffuse with no distinguishing or localizing features
(Fig. 5B). The ovoid and spotty hot areas shown in pinhole
SPECT, at the insertions of the tendon and ligament, were not
portrayed in the planar pinhole scan. Unlike in the normal
pinhole SPECT, the tracer accumulation pattern in RSDS was
reversed showing a higher tracer accumulation in the morbid
ligamentous and tendinous insertions and not in the articulations.

Case S.This case was a 53-yr-old woman with acute recurrent

rheumatoid arthritis of her left ankle and articular narrowing
and periarticular soft tissue swelling (Fig. 6C). Planar SPECT
showed increased diffuse tracer accumulation in the ankle
without localizing signs. However, pinhole SPECT showed
intense tracer accumulation distributed in the narrowed articular
spaces of the tibiofibular, talocrural, subtalar, talonaviculocu-
neiform and calcaneocuboid joints (Fig. 6A). Such a tracer
accumulation pattern appears to be characteristic of rheumatoid
arthritis which affects synovial joints in a diffuse way. Intense
tracer accumulation also took place in the blotchy, subchondral
bone erosions in the medial malleolus and talar neck. There was
a bar-like tracer accumulation in the distal fibula that was
connected inferiorly to the subtalar joint and the lateral aspect
of the calcaneus (Fig. 6A). This indicates calcaneofibular
tenosynovitis, which is a well-known complication of rheuma
toid arthritis.

The planar pinhole scan in rheumatoid arthritis showed a
diffuse tracer accumulation in the whole ankle without a
localizing feature as shown in RSDS (Figs. 5B and 6B). In
pinhole SPECT, the tracer accumulation was typically diffuse
in rheumatoid arthritis, but it was spotty and localizing in
RSDS.

DISCUSSION
The general premise that a high-quality image is essential to

reliable imaging diagnosis also applies to nuclear bone imaging.
Since the original diagnostic uses for nuclear bone imaging
were established in 1961 by Fleming et al. (27), nuclear bone
imaging has been valued for its sensitivity in the detection of
occult fracture, cryptic infection and early malignant metastasis.
It demonstrates low specificity because of miniaturing and
overlapping of the display images. As remedies, the planar
SPECT, magnification techniques and some other modified
techniques have been introduced.

Planar SPECT has two advantages. The first is the separation
of the radioactivities that are distributed in front of or behind the
plane of interest, and the second is the contrast enhancement
(3). The specificity is not much improved. The resolution of
SPECT is either degraded compared to the planar scan (4) or
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FIGURE 6. The characteristic pinhole SPECT manifestation of acute rheumatoid arthritisand planar pinhole scan comparison and radiographie correlation.
(A)The sagittal pinhole SPECT images of left ankle portray intense tracer accumulation in the narrowed ankle articulations including the talofibular and talotibial
joints (tfj, ttj), talonaviculocuneiform joint (tncj), medial, lateral and posterior subtalar joints (mstj, Istj, stj) and calcaneocuboid joint (ccj). Marked tracer
accumulation is seen in eroded medial malleolus (mm) and calcaneofibular tenosynovitis with a tendosubtalar connection (tstc). (B) Lateral planar pinhole scan
shows intense tracer accumulation in ankle without any distinguishing features. Posterior malleolus (pm) and subtalar joint (stj) are discernible. (C) Lateral
radiogram shows diffuse articular narrowing (open arrows), periarticular swelling (arrowheads) and subchondral erosions in the talocrural joint (er), talar neck
(single open arrow), subtalar joint (stj) and the talonaviculocuneiform joint (tncj).

equal to it at best (5). We could also confirm that the resolution
of planar SPECT is lower than that of the simple planar images
(22,23). The low resolution of planar SPECT is related to the
characteristics of the parallel hole collimator that is designed to
enhance the sensitivity at the cost of resolution. A finite cutoff
frequency of the reconstruction filter, limited intervals of
angular sampling and display matrix sizes also affect the
resolution (24). The reduced display matrix size contributes to
the lowering of the resolution because of the concealment of
fine morphologic and metabolic information. The planar
SPECT image displayed on a small matrix is unsuitable for
portraying small objects and fine chemical alterations. This
examination is more typically used to study larger bones such as
the spine, hip and knee joints (4).

The value of the pinhole magnification technique to study
skeletal diseases has been described systemically (6,7) as well
as in many individual bone and joint diseases (8-16). Enhanc
ing the resolution of SPECT with pinhole collimation was
introduced by Palmer and Wollner (17) and by Ollson and
Ahlgren (18). The former group used a 3.3-mm pinhole colli
mator to magnify ECT images of l33Xe cylinder, 99mTc multi-

tube phantom, and a rabbit lung model, aptly naming the
technique "pinhole ECT," and the latter performed a similar
study on WmTc double-line phantom and human thyroid nod

ules. An attempt has also been made at using a cone-beam
collimator as a tool of tomographic nuclear bone imaging (19).
The pinhole SPECT, processed with a modified software,
diagnosed some thyroid diseases (20). We performed a series of
pinhole SPECT studies utilizing a standard reconstruction
alogrithm and a Butterworth filter on a thyroid phantom and
normal and morbid ankles observing the enhanced resolution
and potent applicability to the diagnosis of important ankle
diseases.

Our experimental study on a thyroid phantom showed the

resolution of planar SPECT (Fig. 1A) to be rather low compared
to that of pinhole SPECT (Figs. 1B,C). Planar SPECT was able
to portray the large cold and hot areas of the phantom but not
small cold ones. The injection tips were not visualized either.
However, pinhole SPECT could clearly portray all three cold
and one hot areas and the small injection tips (Fig. 1B,C). There
was no penumbra, but significant image distortion occurred in
the periphery, which will require development of new software
and hardware. The clinical studies included: (a) comparison of
the resolution of planar and pinhole SPECT of a normal ankle
and hindfoot; (b) assessment of pinhole SPECT anatomy of a
normal ankle and hindfoot with CT validation; (c) sorting of
diagnostic pinhole SPECT signs in ankle diseases with radio-

graphic correlation; and (d) comparison of the resolution of
pinhole SPECT and planar pinhole scan in ankle diseases. As in
the phantom test, the resolution of pinhole SPECT was higher
than that of planar SPECT delineating anatomy and morbid
findings more sharply due to improved two-point discrimina
tion (Figs. 2A.B and 4A,B). Pinhole SPECT could portray most
of the important anatomical landmarks (Fig. 3A, panels 1, 3, 5)
and each of them was correlated with and validated against CT
scans (Fig. 3A, panels 2, 4, 6).We could identify the medial and
lateral malleoli, talofibular joint, talocrural joint, subtalar joint,
sustentaculum tali, talar neck and talonavicular joint (Fig. 3B)
and the insertions of the tibiotalar, talofibular, talonavicular,
cervical, interosseous and deltoid ligaments as well as the
peroneal tendon (Fig. 3C).The reinforced or condensed trabec-
ulae in the weight-bearing axes of the talus and calcaneus were
imaged as a small bar-like increased tracer accumulation
reflecting increased metabolic activity (Fig. 3B, panel 3 and
Fig. 3C, panel 2). The portrayal of such a subtle anatomico-

chemical profile is one outstanding feasture of pinhole SPECT.
Assessing the hollow medial and roughened lateral aspects of
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the talus and calcaneus required greater scrutiny (Fig. 3A, top
and bottom panels and Fig. 3C, top panel).

The diagnostic application of pinhole SPECT to talar frac
ture, RSDS and rheumatoid arthritis of the ankle was also
useful. The pinhole SPECT images in these diseases showed
several diagnostic signs. The old talar fracture in Case 1 was
sharply delineated as an X-shape tracer accumulation in the
talar body and neck portraying both the morphological and
metabolic state of the fracture 10 mo after the initial incident
(Fig. 4B). The talus was flattened and elongated sagitally and
the trochlear surface and subtalar bone were covered with a
sharply defined crest-like tracer accumulation denoting second
ary osteoarthritis. Both the planar SPECT and radiography
failed to sharply delineate the fracture and osteoarthritis (Figs.
4A,D). The planar pinhole scan also portrayed all these features,
but each feature was not sharply defined as in pinhole SPECT
because of overlapping (Fig. 4C). RSDS in Case 2 showed
intense tracer accumulation in the bimalleolar fracture that
underlay RSDS in this patient. Many discrete ovoid hot areas
were shown in the peripheries and edges of the talus and
calcaneus (Fig. 5A). Topographically, the hot areas matched
with radiographie blotchy, subcortical bone rÃ©sorptionin the
talus and calcaneus (Fig. 5C) which, in turn, coincided with
regional tendious and ligamentous insertions (Fig. 5A,).The
discrete ovoid hot areas indicate the specific sites in the
corticoperiosteal junction where the sympathetic nerve fibers
containing vasoactive intestinal peptide were innervated. These
nerve fibers have been experimentally shown to stimulate
osteoclastic activities resulting in dramatic focal bone respor-
tion as observed in this case (25). The pinhole SPECT in acute
recurrent rheumatoid arthritis in Case 3 portrayed a tracer
accumulation throughout the entire peritalar joints including the
talocrural, talofibular, talonaviculocuboid and subtalar joints,
which were narrowed and communicating each other (Fig. 6A).
The pinhole SPECT alterations were well correlated with
radiographie alterations (Fig. 6B). An intense bar-like tracer
accumulation occurred in the calcaneofibular tendon that con
nected the fibular tip to the lateral aspect of the calcaneus
overpassing the posterior subtalar joint. Such a tendoarticular
connection has been shown in rheumatic tenosynovitis in the
ankle using contrast synoviography (26). Characteristically, the
articular and tendious tracer accumulation in acute rheumatoid
arthritis was intense and diffuse obliterating the regional anat
omy. This kind of scan feature sharply contrasted with RSDS
and fracture with osteoarthritis whose pinhole SPECT alter
ations tended to be discrete and localizing (Figs. 4B and 5A).

In Cases 2 and 3, the comparison of the resolution of pinhole
SPECT and planar pinhole scan showed notable differences. In
both cases, the planar pinhole scan showed only intense diffuse
tracer accumulation in the ankle without differential features
(Figs. 5B and 6B). In contrast, however, pinhole SPECT, in
RSDS, portrayed multiple discrete ovoid and spotty hot areas
(Fig. 5A), and, in acute recurrent rheumatoid arthritis, a bizarre
intercommunicating articular tracer accumulation (Fig. 6A).

CONCLUSION
The resolution or imaging performance of pinhole SPECT

was remarkable in our studies that included a thyroid phantom
test, the assessment of a pinhole SPECT anatomy of a normal
ankle and hindfoot and clinical diagnostic application to some
ankle diseases. Despite image distortion that occurred in the
extreme periphery of the field-of-view, pinhole SPECT could
sharply portray the phantom profile, cold and hot areas and the
injection tips. The topographic portrayal of the ankle and
hindfoot was clear so that all small, important anatomical

landmarks were identified. The small areas of condensed
trabeculae in the weight-bearing axes in the talus and calcaneus
were delineated among the unstressed bones. The pinhole
SPECT portrayal of the talar fracture with secondary osteoar
thritis, the peculiar blotchy subcortical bone rÃ©sorptionin the
ligamental and tendinous insertions in RSDS and the intercom
municating synovial articular inflammation and related teno
synovitis in rheumatoid arthritis was unique. The information
revealed by pinhole SPECT was not only morphological but
metabolic.The location, appearance and intensity of the tracer
accumulated in the fracture, RSDS and rheumatoid arthritis
simultaneously denoted both anatomical and metabolic states of
the pathological process in question. The comparison with
planar pinhole scan in the morbid ankle showed pinhole SPECT
generates nuclear images with remarkably improved two-point
separation. With the development of new software programs for
improved image processing and hardware design for higher
sensitivity and unlimited range of detector rotation, pinhole
SPECT will become a potent nuclear imaging modality.
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