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Planar lung scintigraphy is a standard method used for the
diagnosis of lung embolism, but it is hampered by the high
incidence of nondiagnostic tests. Ventilation/perfusion SPECT
may possibly improve this situation. The objective of this study
was to compare planar lung scintigraphy with ventilation/perfu-
sion SPECT using pigs with artificially engendered lung emboli
labeled with 201Tl. Methods: Sixteen anesthetized pigs were
each injected with zero to 4 latex emboli. Cylindric emboli were
used in the first 7 pigs and flat 3-tailed emboli were used in the
remaining 9 pigs. The pigs spontaneously inhaled 30 MBq
99mTc-diethylenetriaminepentaacetic acid aerosol for ventilation
scintigraphy. Planar scintigraphy and SPECT were performed
using a double-head gamma camera in 99mTc and 201Tl win-
dows. Immediately thereafter, 100 MBq 99mTc-labeled macro-
aggregated albumin were injected intravenously followed by
SPECT and, finally, planar scintigraphy. The ventilation back-
ground was subtracted from the perfusion tomograms for cal-
culation of a normalized ventilation/perfusion (V/P) quotient im-
age set. Results: The cylindric emboli caused artifacts in the
ventilation images; therefore, these were excluded from the final
analysis. However, for the planar perfusion images of these
pigs, sensitivity and specificity were 71% and 91%, respec-
tively, whereas SPECT yielded 100% for both. For the 3-tailed
emboli and ventilation/perfusion images, the sensitivity and
specificity were 64% and 79%, respectively, for the planar
modality, whereas SPECT yielded values of 91% and 87%,
respectively. Conclusion: V/P SPECT may improve the diag-
nostic power of lung scintigraphy.
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Planar lung scintigraphy is the most frequently used
method for the diagnosis of lung embolism (1) because of
its noninvasive character, ease of application, low cost, low
radiation burden, and high sensitivity (2). On the basis of
the Prospective Investigation of Pulmonary Embolism Di-

agnosis (PIOPED), and modified PIOPED interpretative
strategies, the incidence of nondiagnostic findings has been
high, which has resulted in a controversy concerning the
value of scintigraphy (3–5). Indeed, the lack of specificity is
an important problem when using only perfusion scintigra-
phy for the delineation of perfusion defects on planar im-
ages. Such shortcomings have stimulated the development
of spiral CT, which now challenges the role of lung scin-
tigraphy. It has been suggested that spiral CT may even
replace, rather than complement, scintigraphy (6). However,
spiral CT is less than perfect; it is known to have limited
performance in terms of nondiagnostic CT scans (estimated
at approximately 15%), causing false-positive and false-
negative results (7). A problem in evaluating noninvasive
techniques in general is that even invasive angiography is
imperfect, although it has been used as the gold standard for
the diagnoses of lung emboli. Baile et al. (8), using a
methacrylate cast of the porcine pulmonary vessels as the
independent gold standard, showed that angiography has a
sensitivity of only 87% for emboli that are equivalent in size
(3.8 and 4.2 mm) to human subsegmental pulmonary ves-
sels. Corbus et al. (9), Magnussen et al. (10), and Wenger et
al. (11) suggest that SPECT improves the specificity of
scintigraphy and decreases significantly the number of in-
termediate probability results. Palmer et al. (12) have shown
that ventilation/perfusion (V/P) SPECT is clinically feasi-
ble, with a short examination time, a low cost, and a low
radiation dose. It is also claimed that it yields improved
detectability and characterization of perfusion defects in
patients studied with respect to lung embolism. On this basis
it is suggested that future comparisons should be made
between spiral CT and scintigraphy taking into account the
latest developments in each technique. At this time, it is
judged that scintigraphic techniques need to be refined to
match recent developments in CT.

The aim of this study was to compare tomographic and
planar techniques used for perfusion and ventilation studies
with respect to the diagnostic power for low-degree embo-
lism. Small emboli, labeled with 201Tl, were administered to
pigs, which constitutes an independent gold standard for
identification of embolized lung areas.
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MATERIALS AND METHODS

The local ethics board of animal research approved the exper-
imental protocol for these studies. Sixteen pigs (weight, approxi-
mately 30 kg) were used. The animals were premedicated with an
intramuscular injection of azaperon (Stresnil; Jansen, Beerse, Bel-
gium), 6 mg/kg. To diminish salivation, 0.5 mg atropine (Atropin
NM; Pharma AB, Stockholm, Sweden) was given intravenously 30
min before administration of anesthesia. This was induced by
injection of 300 mg ketamine hydrochloride (Ketalar; Parke-Davis,
Warner-Lambert Nordic, Solna, Sweden) into an ear vein before
orotracheal intubation. Anesthesia was maintained by a continuous
infusion of ketamine hydrochloride, 17 mg/kg/h, and midazolam
(Dormicum; Hoffmann-La Roche AG, Basel, Switzerland), 1.7
mg/kg/h. The animals breathed spontaneously throughout the
study period. The heart rate and intraarterial blood pressure were
monitored continuously. An introducer sheath (Intradyn arterial
F12; Braun Melsungen AG, Melsungen, Germany) placed in the
superior vena cava by direct puncture above the sternal notch was
used to inject emboli. To avoid the buildup of thrombotic material
on the emboli, 2,500 units heparin (Heparin Leo; Leo Pharma AB,
Malmö, Sweden) were administered intravenously.

Two types of emboli were manufactured; the first were cylindric
latex balloons 15 mm long with diameters of 2.2, 2.8, 3.2, and 3.7
mm filled with 0.1–0.5 MBq 201Tl and sealed with silicon. The
second type was fabricated using 0.4-mm-thick latex material in
which 201Tl was mixed in the suspension constituting the raw
material. Three strips of this material, 2 to 2.5 mm wide and 29, 31,
and 35 mm long, were then glued together at 1 end to form flat
emboli with 3 tails; the density of this arrangement was similar to
that of blood thrombi. The size was chosen so that the emboli
would lodge in vessels comparable to human subsegmental arter-
ies. The low activity of 201Tl and its low-energy spectrum imply
that 201Tl does not influence images obtained in the 99mTc window.

SPECT Acquisition Parameters
A large-field-of-view dual-head gamma camera was used (DST-

Xli; Sopha Medical Vision International, Buc, France). The in-
haled activity for ventilation scintigraphy was 30 MBq 99mTc-
diethylenetriaminepentaacetic acid (DTPA) (TechneScan DTPA;
Mallinckrodt Medical BV, Petten, The Netherlands). The pigs
inhaled the aerosol from a pressurized-air–driven nebulizer as
described (13). Inhalation was terminated when the counting rate
from the gamma camera indicated that 30 MBq 99mTc-DTPA had
been deposited in the lungs. Planar imaging and SPECT imaging
were then performed. At the completion, 100 MBq 99mTc-labeled
macroaggregated albumin (MAA) (TechneScan LyoMAA;
Mallinckrodt Medical BV) were injected intravenously. The per-
fusion study followed immediately. For the first 7 pigs, injected
with cylindric emboli, a high-resolution collimator and a 128 �
128 matrix were used for acquisition, which yields higher resolu-
tion when clinical restrictions such as acquisition time or activity
dose is not considered (12). For the remaining 9 pigs, our standard
clinical acquisition parameters were used: a low-energy all-pur-
pose collimator and a 64 � 64 matrix with 128 projections over
360°. To accommodate the smaller overall lung size of the pigs,
the pixel size was changed from 6.8 to 5.6 mm. An earlier study
showed that the entire procedure could be completed within 30
min (12). For optimal results, the counting rate at perfusion should
be 4 times that of the ventilation study, while using one third of the
available acquisition time. Sixty-four steps, each of 10-s duration,
were used for the ventilation study, and of 5-s duration for the

perfusion study. 99mTc-DTPA clearance was calculated from the
initial and final SPECT projections and was then used for correc-
tion of the ventilation projection set before reconstruction. Iterative
reconstruction was performed for ventilation and perfusion using
ordered-subsets expectation maximization with 8 subsets and 2
iterations. The ventilation background was subtracted from the
perfusion tomograms, and a systematically normalized V/P image
set was calculated as described (12).

Experimental Protocol
The first 7 pigs, of which 5 were embolized, were used for the

initial tests of the model for lung embolization. Zero to 4 cylindric
emboli were injected in each pig. In the remaining 9 pigs, of which
7 were embolized, 3-tailed latex emboli were used. Zero to 4
emboli were randomized for each pig. After injection of each
embolus, a planar image in the 201Tl window was obtained to
identify the site of embolus lodging in the lung. One hour after
embolization, inhalation of 99mTc-DTPA aerosol was followed by
acquisition of planar images in 4 projections. SPECT was per-
formed thereafter, first in the 99Tc window and then in the dual-
mode, 99Tc and 201Tl, window. Without moving the pig, perfusion
SPECT was performed after an intravenous injection of 99mTc-
MAA. Planar perfusion images followed SPECT. The pig was
killed with concentrated potassium chloride (Addex-Kaliumklorid;
Fresenius Kabi, Uppsala, Sweden) injected intravenously.

Interpretation Criteria
All images were interpreted from a computer display, which

allowed adjustment of thresholds and colors. For the group of 7
pigs, of which 5 were embolized with cylindric emboli, 2 physi-
cians who were unaware of the number of emboli injected re-
viewed, in 2 separate sessions, all planar and tomographic images.
The order of pigs was randomized in each session. Increased
activity adjacent to the emboli was observed on the ventilation
images of some pigs injected with cylindric emboli. Because this
could affect the interpretation of perfusion images, these ventila-
tion images were not shown to the interpreter. Each perfusion
defect considered to reflect lung embolization, regardless of size,
was described.

In the second group of 9 pigs, 7 were embolized with 3-tailed
emboli and 2 were not embolized. For this group, 3 physicians
reviewed all images recorded in the 99mTc window in 2 sessions as
above, but using ventilation and perfusion images. On sagittal,
coronal, and transversal slices the reviewer first identified perfu-
sion defects within well-ventilated areas, which were considered to
reflect lung emboli, regardless of size. These were noted as per-
fusion defects. For the same pig, V/P quotient slices were then
displayed together with corresponding ventilation and perfusion
slices. In addition, the lung volume was also displayed in a
3-dimensional rotating synchronized display over ventilation, per-
fusion, and V/P quotient. Any change in the interpretation based
on this additional information was noted.

A fourth interpreter studied images taken in the 201Tl window.
First, on planar images, this reader identified emboli after each
injection. Emboli that lodged at the same place were identified by
an approximately 2-fold increased local activity. Later, on SPECT
images, the precise localizations of emboli were identified. Perfu-
sion defects peripheral to the site of embolus lodging were con-
sidered to represent true-positive findings; the others were classi-
fied as false-positive findings. When a perfusion defect was not
identified, despite the presence of an embolus, this was deemed a
false-negative finding. A lung without embolus, in which no per-
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fusion defect was identified, was classified as a true-negative
finding.

RESULTS

All injected emboli, 19 cylindric and sixteen 3-tailed,
were identified within the lungs using the 201Tl window. Of
the total of 35 emboli, 24 were impacted in the right lung,
often very peripherally in the lower lobe. Some emboli
lodged close to each other, although they were injected
separately.

Of the 19 cylindric emboli, 2 lodged together in each lung
of 1 pig and 3 lodged together in another pig. Each of these
doublets or triplets caused a single perfusion defect. On 1
occasion, 2 emboli created 1 large perfusion defect, al-
though they were lodged at some distance from each other
(Fig. 1). Each of the remaining 10 emboli was the cause of
a single perfusion defect. Accordingly, the 19 cylindric
emboli caused 14 perfusion defects, which were localized in
9 lungs (Table 1). On the planar images, both readers
identified 10 true-positive perfusion defects (Table 2):
Among the 4 false-negative results, both readers agreed in 2

cases. For the 2 readers, the average sensitivity and speci-
ficity were 71% and 91%, respectively. For the tomographic
images, both readers observed 14 true-positive perfusion
defects and zero false-positive perfusion defects; sensitivity
and specificity were 100%.

Among sixteen 3-tailed emboli, 2 emboli lodged together
well within the observed borders of the lung on 2 occasions
and caused a single perfusion defect (Fig. 2). Another 2
emboli lodged together on the extreme lung periphery, at a
site distal to which neither ventilation defect nor perfusion
defect was observed (Fig. 3). On 3 occasions, 2 distinct

FIGURE 1. (A) Tomography. Consecutive perfusion coronal slices and simultaneously acquired matching 201Tl images of emboli.
In left lung, 2 emboli (a and b) caused 1 large perfusion defect. In right lung, 2 emboli caused 2 perfusion defects (c and d). (B) Planar
images of same pig as in A. Both readers observed only 1 perfusion defect (c). RPO � right posterior oblique; LPO � left posterior
oblique.

TABLE 1
Number of Emboli and Perfusion Defects

Caused by Emboli

Type of
emboli

Nonembolized
lung

Embolized
lung

No. of
emboli

No. of
perfusion
defects

Cylindric 5 9 19 14
3-Tailed 10 8 16 15
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perfusion defects were observed peripherally to a single
embolus. On all of these occasions, all 3 observers identified
the perfusion defects on tomographic images. For a 3-tailed
embolus lodged in a bifurcation, it is possible that 2 perfu-
sion defects are produced. On these occasions, the interpre-
tation was that 2 perfusion defects were caused by a single
embolus. Thus, at 15 locations, perfusion defects caused by
emboli were present (Table 1). With the planar modality,
sensitivity among the 3 readers was on average 64% and
specificity was 79%. On tomographic images, sensitivity
was on average 91% and specificity was 87% (Table 3).
With both modalities, all readers observed 1 perfusion de-
fect in 1 and the same embolized pig but in the nonembo-
lized lung (Fig. 4).

In most instances the delineation of perfusion defects was
quite obvious on the tomographic images of ventilation and
perfusion (Fig. 2). However, all 3 readers observed that the
addition of the V/P quotient facilitated the interpretation.
The joint 3-dimensional cine presentation of ventilation,
perfusion, and V/P quotient offered further support. Be-
cause the pigs were young and apparently healthy, ventila-
tion was in general uniform. Ventilation images allowed
delineation of the lung border, which was considered essen-
tial for interpretation of the small peripheral perfusion de-
fects that were caused, particularly, by the 3-tailed emboli.
In a single pig, the ventilation was distributed unevenly
(Fig. 2). In 4 of 9 pigs, an increased deposition of aerosol
around the heart was observed (Fig. 2). This pattern was not
regarded as a sign of embolization because it does not
follow pig lung-segment orientation.

DISCUSSION

The animal model of lung emboli prelabeled with 201Tl
allows precise localization of the emboli and, thereby, ad-
equate evaluation of perfusion defects on planar and SPECT
images. Consequently, problems caused by the imperfection
of other modalities used for comparison, such as angiogra-
phy or spiral CT (8), were avoided. The gold standard
offered by the labeled emboli was a prerequisite behind the
conclusive evidence that SPECT is superior to planar im-
aging in the detection of small perfusion defects.

Although practical issues required the use of pigs smaller
than adult man, they were of adequate size for our purposes
(8). A problem with pigs is that the main pulmonary arterial
trunk has a straight course with lateral branches of varying
size rather than the dichotomic divisions in humans (14).

This probably contributed to peripheral lodging of emboli,
which was extreme in some instances. Another difficulty
with pigs was the increased deposition of aerosol around the
heart (Fig. 2). This was not observed in 15 patients who
were studied with the same technique (12). A tentative
explanation is that large heart movements in pigs increase
alveolar retention of aerosol particles. All of these issues,
combined with the readers’ lack of experience in dealing
with lung morphology and pig vessels, implied some diffi-
culties in the interpretation. The good health of the animals
balanced these difficulties.

The size of the cylindric emboli was chosen to be equiv-
alent to that of subsegmental vessels in humans and was
comparable with the sizes used by Baile et al. (8). These
emboli caused quite distinct perfusion defects but also in-
creased deposition of aerosol close to the embolus, probably
reflecting turbulence induced by deformation of the adjacent
bronchus. The distinct perfusion defects may indicate that
the shape of these emboli led to a complete plugging of the
artery, which together with the particularly high resolution
of the images in the first series of pigs gave 100% sensitivity
and specificity on SPECT.

To better mimic natural emboli, the 3-tailed flat emboli were
developed. These emboli did not cause a local deposition of
aerosol and probably allowed some blood to seep past them.
When the series of pigs with 3-tailed emboli was studied, the
tomographic method had been adapted to clinical require-
ments. Accordingly, recommended isotope doses and a total
acquisition time of 20 min, including ventilation and perfusion,
were applied. Also, a general-purpose collimator and a matrix
size of 64 � 64 were judged appropriate, although this resulted
in a slightly lower resolution (12).

The series of pigs with cylindric emboli showed a supe-
riority of SPECT over planar imaging. The advantage of
SPECT was verified in the pathophysiologically and clini-
cally more realistic situation modeled in the second series of
pigs. The main reason for the lower performance of the
planar modality is probably the inferior contrast between
lesions and normal areas resulting from superposition of
surrounding activity onto lesions. Planar images do not
provide an accurate comparison between ventilation and
perfusion, which is especially relevant for detection of small
defects. In the series with the 3-tailed emboli, the ventilation
images and, particularly, the V/P quotient images were
considered important for the interpretation. Without venti-
lation and the V/P quotient images, delineation of the lung

TABLE 2
Positive and Negative Findings on Planar and SPECT Perfusion Images of Pigs Embolized with Cylindric Emboli

Reader

Planar images: perfusion Tomographic images: perfusion

True-
positive

False-
positive

True-
negative

False-
negative

Sensitivity
(%)

Specificity
(%)

True-
positive

False-
positive

True-
negative

False-
negative

Sensitivity
(%)

Specificity
(%)

1 10 1 5 4 71 83 14 0 5 0 100 100
2 10 0 5 4 71 100 14 0 5 0 100 100
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would not be evident and perfusion defects resulting from
small peripheral emboli would be missed. Differentiation
between embolization leading only to perfusion defects
(mismatch) and other pathology leading to combined de-

fects of ventilation and perfusion (match) is a commonly
observed rationale of ventilation scintigraphy. In this series
of generally healthy pigs, the latter feature was of value only
in some instances.

FIGURE 2. (A) Tomography. Sagittal slices of left lung: 2 emboli lodged at same location, causing single perfusion defect (a). On
ventilation and V/P quotient images, increased deposition of aerosol is observed around heart (b). Diminished ventilation and
perfusion are observed in 1 region (c), leaving V/P quotient essentially unchanged. (B) Planar images of same pig as in A; same
changes as shown in A are observed but not as clearly. RPO � right posterior oblique; LPO � left posterior oblique.
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Our results show that the use of SPECT considerably
improves the detection of very small lesions. In clinical
practice, the diagnostic value of subsegmental perfusion
defects is debated (15). Furthermore, subsegmental emboli
may be of little importance for an otherwise healthy subject.
However, in patients with limited cardiorespiratory reserve,
small emboli may be of importance (16) because they may
precede larger insults. In an earlier study we showed that
V/P SPECT is clinically feasible with a very short acquisi-
tion time (12). In this study we document that SPECT is
technically superior to planar scintigraphy. With respect to
the above considerations, the potential improvement in clin-
ical diagnostics of lung emboli offered by SPECT needs to
be further studied.

On the basis of the recent development of CT, this
method has been suggested as a first-line approach in the
diagnostics of lung emboli (17). A higher sensitivity and
better interobserver agreement of CT have been claimed
(16,17). These arguments may be rebutted. On the basis of
a recent review (18), Kane and Ellis (19) concluded that
“the current available literature does not support the use of
spiral CT for diagnosing pulmonary embolism” and that
“the high false-negative rate prohibits its routine use as a
rule out test.” Other obvious limitations of CT are not
always observed. A high dose of iodinated contrast material
prohibits the use of CT in patients with renal failure or
hypersensitivity and, to some extent, in older diabetes pa-
tients. Actual radiation exposure from CT is in the magni-

FIGURE 3. Tomography. Sagittal slices of right lung: 2 emboli lodged together in periphery of lung. Neither ventilation nor
perfusion was identified distal to emboli (a), leaving V/P quotient unchanged. Anatomic configuration of main pulmonary artery
causes clearly visible region with low activity on ventilation and perfusion images (b).

TABLE 3
Positive and Negative Findings on V/P Planar and SPECT Images of Pigs Embolized with 3-Tailed Emboli

Reader

Planar images SPECT images

True-
positive

False-
positive

True-
negative

False-
negative

Sensitivity
(%)

Specificity
(%)

True-
positive

False-
positive

True-
negative

False-
negative

Sensitivity
(%)

Specificity
(%)

1 10 3 8 5 67 73 15 1 9 0 100 90
2 9 0 10 6 60 100 12 1 9 3 80 90
3 10 4 8 5 67 67 14 2 9 1 93 82
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tude of 8–23 mSv (20) compared with 1.3 mSv from V/P
SPECT with our method. Because large numbers of patients
are examined and most of them do not have lung embolism,
Howling and Hansell (21) believe that “the indiscriminate

use of CT would have dire consequences in terms of radi-
ation dose to the population as a whole.”

V/P scintigraphy can be performed easily on all subjects,
the radiation exposure is low, and the technique has high

FIGURE 4. (A) Tomography. Sagittal slices of left lung: One false-positive perfusion defect was observed in nonembolized left
lung (a). (B) Planar images of same pig as in A: One false-positive perfusion defect (a) and 1 true-positive perfusion defect were
observed in right lung (b). RPO � right posterior oblique; LPO � left posterior oblique.
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sensitivity for lung emboli. However the drawbacks of
scintigraphy are poor specificity and a high number of
intermediary interpretations (3,4). The qualities of SPECT
may minimize such problems (9–12).

We have shown in this study that V/P SPECT has similar
or better sensitivity for detection of lung emboli than has
been shown in another pig model for pulmonary angiogra-
phy and CT (8). In our study, interobserver variation was
smaller compared with results from angiography and CT
(22).

V/P SPECT is a clinically feasible method that is appli-
cable to all patients with a very short acquisition time and a
low radiation exposure. Using the pig model, we showed
improved sensitivity and specificity compared with that of
planar imaging. Further comparison between up-to-date
versions of V/P scintigraphy and spiral CT is required.

CONCLUSION

This study has verified that lung V/P SPECT is more
sensitive and more accurate than planar imaging for the
detection of lesions on the subsegmental level, without
incurring the penalty of decreased specificity.
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