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Ventilation/Perfusion SPECT
Imaging Diagnosing PE and Other
Cardiopulmonary Diseases

Marika Bajc and Ari Lindqvist

6.1 Introduction

Scintigraphic pulmonary studies are designed to
demonstrate patterns of ventilation and perfu-
sion. In the healthy individuals, there is a balance
between regional ventilation and perfusion to
achieve optimal gas exchange. When pulmonary
diseases cause deficiency in ventilation and per-
fusion, they cause “matched” defect. Mismatch
implies an imbalance between perfusion and ven-
tilation. The single most important application
for pulmonary scintigraphy is the evaluation of
patients with suspected pulmonary embolism
(PE). In patients with pulmonary embolism,
characteristic finding is segmental perfusion
defect with preserved ventilation. In 1964,
Wagner recognized and first demonstrated the
value of pulmonary scintigraphy by using [131—
human serum albumin (HSA) and rectilinear
scanner [1, 2]. Scanners were further replaced
with gamma camera and mainly planar technique
was used for imaging. Planar imaging is still used
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technique in majority hospitals in the USA. On
the other hand, in Europe, Australia, Japan, China
and Canada, the planar technique is replaced with
a single photon emission tomography (V/P
SPECT). V/P SPECT was endorsed by EANM as
recommended scintigraphic technique for the
diagnosis of pulmonary embolism (PE) in 2009.
Since then many studies have confirmed its value.

6.2  Diagnosing Pulmonary

Embolism

Pulmonary embolism (PE) is a common disease
with about 250,000 patients diagnosed each
year in the USA. In spite of advanced technol-
ogy, it remains a big diagnostic challenge
because the clinical symptoms and signs that are
frequently observed in pulmonary embolism are
also a feature of other conditions. Accordingly,
the initial clinical suspicion needs to be con-
firmed or negated using a conclusive imaging
test. Routinely, computed tomography pulmo-
nary angiography (CTPA) is suggested as the
initial imaging study. However, the latest evi-
dence shows that the optimal imaging procedure
is V/P SPECT. Before imaging tests, it is recom-
mended to estimate clinical probability that
might be performed empirically or by clinical
probability tests. Wells score is most frequently
applied [3].
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The measurement of D-dimer—a breakdown
product of cross-linked fibrin clot—is widely
used in the investigative workup of patients with
suspected venous thromboembolism. However,
D-dimer has a low specificity (40%) because a
number of conditions, other than venous throm-
boembolism, may cause it to be elevated, e.g.
acute myocardial infarction, stroke, inflamma-
tion, active cancer and pregnancy. The specificity
declines even further with age and, in the elderly,
may reach only 10%. Due to the low predictive
value, a positive quantitative D-dimer test does
not modify the pretest probability. A negative
quantitative D-dimer test combined with a low
clinical probability is associated with a low risk
of thromboembolic disease [4]. At moderate to
high pretest clinical probability, D-dimer has no
incremental value.

Fig. 6.1 Patient with
PE. Coronal slices;
multiple bilateral
segmental perfusion
defects (PE, red arrows)
in areas with normal
ventilation. These are
delineated on V/P
quotient images which

facilitate interpretation Right

anterior

Left

6.3  Basic Principles
of Pulmonary Embolism

Diagnosis with V/P SPECT

The lung circulation has a distinct architecture
where each bronchopulmonary segment and
sub-segment is supplied by a single end-artery.
Emboli are usually multiple, occluding the
arteries causing segmental or sub-segmental
perfusion defects within still ventilated regions,
causing so-called mismatch (Fig. 6.1). PE is
often a recurring process giving rise to multi-
ple emboli in various stages of resolution
(Fig. 6.2).

In clinical practice, it is essential to have a
procedure that is both fast and conclusive to
avoid the risks associated with untreated disease.
Therefore it is recommended that imaging tests
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Fig. 6.2 Patient with recurrent PE and evolving comor-
bidity. Sagittal slices, right lung; (a) initially multiple per-
fusion segmental defects were observed (PE, red arrows);
(b) 1 year after discontinuing therapy, patient experienced
new symptoms. Perfusion defects were observed (red
arrows). Hard to assess whether there were new defects or

for PE diagnosis should be carried out as soon as
possible, preferably within 24 h of the onset of
symptoms.

6.4 Radiopharmaceuticals
for V/P SPECT
6.4.1 Ventilation

Ventilation can be measured with the *™Tc-
labelled aerosols, DTPA and Technegas®, or
krypton gas (3'™Kr) (Table 6.1).

#mTc-DTPA (*mTc-diethylen-tetraamino-
pentaacetate) is aerosolized from a water solution
with a particle size of 1.2-2 pm. *"Tc-DTPA
allows studies of alveolo-capillary permeability

[5].

1 year later Cc

Follow up 4 months later
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they represent rest after earlier PE. Patient started treat-
ment again; (c¢) on follow-up 4 months later (under treat-
ment), patient experienced new symptoms. The follow-up
scan showed evolving ventilation defect (blue arrows) and
improved perfusion defects (red arrows). Patient had
developed pneumonia (blue arrows)

Technegas® is an aerosol of *™Tc-labelled
solid graphite hydrophobic particles, with a diam-
eter of about 0.005-0.09 um [6]. The particles
tend to grow by aggregation and should, there-
fore, be used within 10 min after generation [7].
The particle size is so small that the aerosol
behaves nearly like a gas until it arrives at the
periphery of the lung where the particles are
deposited in bronchioli and alveoli, mostly by dif-
fusion. For the ventilation imaging, Technegas®
particles show advantages over radiolabelled lig-
uid aerosols and are not restricted by the presence
of obstructive lung disease [8]. Hotspots are nev-
ertheless seen in patients with severe airway
obstruction. The penetration index for Technegas®
may be used for grading of COPD severity
[9-11].
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Table 6.1 Ventilation/perfusion protocol for lung tomography (V/P SPECT)

Ventilation Perfusion
Administration Inhalation i.v. injection
Radiopharmaceutical and Technegas® PmTe-MAA
administered activity 25-30 MBq to reach the lung 120-160 MBq
Particle size 0.09 pm 15-100 pm
Time of imaging Ca 11 min Ca 5 min

Acquisition protocol
64 x 64 matrix

10 s/step

General-purpose collimator:

60—64 steps for each head

General-purpose collimator:
64 x 64 matrix
60—64 steps for each head
5 s/step

Reconstruction

Iterative reconstruction—Eight
subsets and four iterations

Iterative reconstruction—Eight
subsets and four iterations

Patient preparation is not needed. Patient is in the supine position during inhalation, i.v. injection and the acquisition

Krypton gas (¥'Kr) is an inert radioactive gas
delivered from an $'Rb/*'™Kr generator. 8'™Kr has
a half-life of 13 s. ™Kr is inhaled until it reaches
a steady-state activity in the alveoli and then con-
tinuously during the whole imaging procedure.
Due to the higher gamma energy (190 keV) of
$ImKr compared to *™Tc (140 keV), ventilation
and perfusion images can be acquired simultane-
ously. Because elimination of 8™Kr from the alve-
oli is largely due to decay of the isotope rather
than by expiration, regional activity at steady state
accurately represents regional ventilation. In
COPD the inhalation time to reach steady state
may, however, be too long to reach steady state.
As the half-life of 3!'Rb is only 4.6 h, the need for
daily delivery of the expensive cyclotron-pro-
duced generator limits the clinical use of #™Kr.

6.4.2 Perfusion

For perfusion scintigraphy intravenously injected
macroaggregates of *™Tc-labelled human albu-
min (MAA) with a diameter of 15-100 pm are
nearly universally used. Intravenous injection of
MAA leads to microembolization of pulmonary
precapillary arterioles and capillaries. Whilst
60,000 particles may suffice to reflect regional
perfusion [12], about 400,000 labelled particles
are usually injected. This leads to obstruction of a
very small fraction of pulmonary vessels. Injection
of no more than 100,000-200,000 particles is rec-
ommended for children and for patients with
known pulmonary hypertension and right-to-left
heart shunt, and after single-lung transplantation.

6.5 Imaging Protocols

Administration of ventilation and perfusion
agents should be performed with patients in a
supine position to minimize gravitational gradi-
ents. During inhalation, activity over the lungs
should be monitored to ensure adequacy of pul-
monary deposition. The procedure starts with
ventilation scintigraphy that is usually based
upon inhalation of a radio-aerosol (Table 6.1).

Large particles (>2 pm) are deposited mainly
by impaction in large airways. Very fine particles,
<1 pm, are mainly deposited in alveoli by diffu-
sion. In comparison with liquid aerosols,
Technegas® shows significantly reduced prob-
lems of central airway deposition and peripheral
hotspot formation in patients with obstructive
lung disease. Therefore the use of Technegas® is
recommended in COPD.

Perfusion tomography follows immediately
after ventilation SPECT without changing the
patient position. The nearly universally used
agent for perfusion scintigraphy is technetium-
labelled particles of macroaggregates of human
albumin (®"Tc-MAA). After i.v. injection, the
particles of size 15-100 pm are lodged in the
pulmonary capillaries and in the precapillary
arterioles in proportion to perfusion.

To achieve adequate imaging quality with a
low radiation exposure and in a short time,
relationships between activities, acquisition
times, collimators and matrices for SPECT
imaging must be optimized. This problem was
systematically analysed by Palmer et al. [13] in
the context of a dual head gamma camera.
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Doses of 25-30 MBq for ventilation studies
and 120-160 MBq for perfusion studies were
found optimal by using a general-purpose col-
limator and 64 x 64 matrix. A total acquisition
time is about 20 min. If a matrix of 128 x 128
is used, then a higher dose and/or longer acqui-
sition time is required. This is not promoted as
it did not yield images of significantly higher
quality.

Many centres are using much higher doses. To
follow a good medical practice, radiation exposure
should be minimized to the lowest level consistent
with satisfactory image quality. For V/P SPECT it
is essential to use iterative reconstruction.

For quality control and fast orientation, an
overview of ventilation and perfusion in coronal
and sagittal slices is useful. It is important to
present the images so that ventilation and perfu-
sion are carefully aligned to each other (Fig. 6.3).
This is greatly facilitated by the one-session pro-
tocol with the patient in unchanged position. The
option to triangulate between coronal, sagittal
and transverse slices is valuable for identifica-
tion of matching and non-matching ventilation
and perfusion changes. Proper alignment is also
a prerequisite for V/P quotient images. These

facilitate the interpretation and quantification of
PE extension and all ventilation and perfusion
defects. However, quotient images are not pre-
requisite for high-quality V/P SPECT.

6.6  Reporting Findings

6.6.1 Ventilation/Perfusion Patterns
For V/P SPECT, interpretation criteria are as
important as the imaging technique itself.
According to European guideline, all patterns of
V and P as well as numbers of defects are
described, and clinical probability is taken into
account [14]. This holistic principle for reporting
gives also a clear answer: yes or no for pulmo-
nary embolism. This goal was not achieved with
previous probabilistic reporting methods accord-
ing to PIOPED (Prospective Investigation of
Pulmonary Embolism Diagnosis) study or modi-
fied PIOPED. Large V/P SPECT studies have
shown that interpretation of all patterns repre-
senting ventilation together with perfusion
achieves this result. Conclusive reports were
given in 97-99% of cases [15-19].

Coronal slices
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Fig.6.3 Overview image of ventilation and perfusion in coronal and sagittal slices. Ventilation and perfusion are care-

fully aligned to each other
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6.6.2 Criteria for Acute Pulmonary
Embolism

Recommended criteria for reading V/P SPECT
with respect to acute pulmonary embolism are
the following:

e Pulmonary embolism is reported if there is
V/P mismatch of at least one segment or two
sub-segments that conforms to the pulmonary
vascular anatomy.

e No pulmonary embolism is reported if there is
(a) normal perfusion pattern conforming to
the anatomic boundaries of the lungs matched
or reversed mismatch V/P defects of any size,
shape or number in the absence of mismatch
and (b) mismatch that does not have a lobar,
segmental or sub-segmental pattern.

* Non-diagnostic for pulmonary embolism is
reported if there are multiple V/P abnormali-
ties not typical of specific diseases.

It is important to report that with pulmonary
embolism, a mismatch has its base along the
pleura and conforms to known sub-segmental and
segmental vascular anatomy. Applying these prin-
ciples of interpretation, recent V/P SPECT studies
amounting to over 5000 cases reported a negative
predictive value of 97-99%, sensitivity of 96-99%
and specificity of 91-98% for PE diagnosis. Rate
of non-diagnostic findings was 1-3% [20].

6.6.3 Quantification of PE Extent

An important step in the diagnostic procedure is
to quantify the extent of embolism. V/P SPECT is
particularly suitable for this because of its greater
sensitivity compared to alternative planar scintig-
raphy and CTPA. The number of segments and
sub-segments indicating PE typical mismatch is
counted and expressed in percentage of the total
lung parenchyma. Furthermore, areas with venti-
lation abnormalities were recognized, and this
allowed the degree of total lung malfunction to be
estimated. The study showed that patients with up
to 40% pulmonary embolism could be safely
treated at home if ventilation abnormalities
engaged not more that 20% of the lung [21].

Outpatient management in haemodynamically
stable patients with pulmonary embolism is safe
provided that the embolic burden, quantified
using V/P SPECT, is included in the treatment
decision algorithm. The extent of PE is an inde-
pendent risk factor for PE recurrence [22-24]. In
haemodynamically stable patients with PE, out-
patient management is safe provided that the
embolic burden, quantified using V/P SPECT, is
included in the treatment decision algorithm [25].

6.7 Follow-Up

Knowledge about the natural history of PE is lim-
ited. There is a need to study alternative strategies
for PE therapy, with respect to therapy duration
and choice of drugs in different categories of
patients. The issue of small emboli is particularly
important, particularly regarding the treatment.
Figure 6.4 presents a patient with untreated small

Sagittal slices, right lung

a) Initially b) Follow up 3 months later

Ventilation

+ Perfusion 5

-

V/P quotient

Fig. 6.4 Patient with small PE that was not treated devel-
oped chronic PE and pneumonia. Sagittal slice of the right
lung showed initially a small perfusion defect in the medial
lobe (PE, red arrow). This patient was not treated but was
examined again 3 months later. On follow-up, the initial
perfusion defect was more prominent, and perfusion
defects were extended into the whole lower lobe. In addi-
tion, deterioration in the ventilation appeared apical seg-
ment. The patient also developed pneumonia (blue arrow)
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PE who developed chronic PE after 3-month
follow-up.
Follow-up of PE using imaging is essential to:

e Assess the effect of therapy.

e Differentiate between new and old PE when
there is a suspicion of PE recurrence.

» Explain physical incapacity after PE.

Some patients have a tendency to develop
recurrent episodes of PE. Figure 6.2 presents a
patient with recurrent PE, shown by follow-up
scans. Patient was treated initially for 6 months.
One year after discontinuing therapy, patient expe-
rienced new symptoms. Perfusion defects were
observed (Fig. 6.2b). Without the control scan
after therapy was discontinued, it was hard to
assess whether these defects were new or they rep-
resented rest after earlier PE. Patient started treat-
ment again. Four months later, during the
treatment, patient experienced new symptoms.
The follow-up scan shows new ventilation defect
(blue arrow) and improved perfusion. Reason for
the patient’s new symptoms was a pneumonia
(Fig. 6.2c). Without initial and follow-up images,
it is often impossible to differentiate between old
and new PE. Immediate imaging control gives
objective information about the further therapy
decisions. Symptomatic patients with small emboli
are diagnosed with sensitive methods, particularly
V/P SPECT. Figure 6.5 presents a case with a PE
in lingula and a pneumonia in the posterior part of
the left lung. PE could not have been identified
without SPECT and ventilation images. The natu-
ral history and the value of treatment in this group
of patients is rather unknown. Follow-up is indi-
cated to personalize therapy [21, 26-28].

Requirements on a method used for follow-up
are:

* Applicability to all patients.

¢ Low radiation dose.

» High sensitivity to allow estimation of resolu-
tion of even small emboli and occurrence of
new ones.

V/P SPECT seems ideally suited for use in the
follow-up of PE because small and large emboli

Sagital slices, left lung
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V/P quotient
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Fig. 6.5 Patient with PE and pneumonia. Sagittal slices
of the left lung in a patient with perfusion defect in the
lingula (red arrow). Stripe sign posteriorly seen on both
ventilation and perfusion image (pneumonia, blue arrow)

are recognized so that regression or progression
of thrombotic disease can be studied in detail [21,
26-28]. Furthermore, the low radiation exposure
enables repeated studies. Obviously, using the
same method for diagnosis and follow-up is
advantageous. Research in this area is particu-
larly indicated.

6.8  Chronic Pulmonary

Embolism

Chronic pulmonary embolism is a progressive
disease that develops in about 1-5% after an
acute episode of PE, even in treated patients. It
might lead to pulmonary hypertension, right
heart failure and arrhythmia, which are frequent
causes of death. The value of V/P scintigraphy in
this situation is well established. This has been
confirmed in a head-to-head comparison between
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CTPA and planar scintigraphy with pulmonary
angiography as reference. Among patients with
pulmonary hypertension, scintigraphy had a sen-
sitivity of 96-97% and specificity of 90%,
whereas CTPA had a sensitivity of 51%. The con-
clusion was that V/P scintigraphy “has a higher
sensitivity than CTPA as well as very good speci-
ficity in detecting chronic pulmonary thrombo-
embolic disease as a potentially curable cause of
pulmonary hypertension” [29]. Scintigraphic fea-
tures of chronic pulmonary embolism vary.
Figure 6.6 illustrates one case of a typical pattern
for chronic PE. CTPA was normal. In some
patients mismatch without clear segmental or
sub-segmental pattern is observed.

Sagittal slices, right lung

a ’ Ventilation ’

.

« = 4
i ‘ Perfusion
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Fig. 6.6 Patient with chronic pulmonary embolism.
Sagittal slices of the right lung: uneven ventilation with
ventilation/perfusion defect posterior (lung infarct, green
arrow). Perfusion images show preserved perfusion only
in the central part of the lung. Perfusion defects (red
arrows) around the lung, well delineated on quotient
images

6.9 CTPA

Computed tomography angiography of the pul-
monary artery (CTPA) is imaging of the pulmo-
nary arteries during the passage of intravenously
injected iodinated contrast material. Pulmonary
emboli are visualized as so-called filling defects
caused by emboli within otherwise homoge-
nously contrast-filled pulmonary arteries. CTPA
is easy to perform in a few minutes. CTPA needs
to be embedded in decision strategies that are
based on the assessment of clinical PE likelihood
[30]. CTPA confirms the diagnosis of PE in clini-
cally high probability patients (PPV > 95%). In
case of high pretest probability of PE and a nega-
tive CTPA, current data on diagnostic accuracy
are inconsistent [31-33]; CTPA is overused in a
great number of patients with low prevalence of
PE [34, 35]. A PE located centrally in the pulmo-
nary circulation can be detected by CTPA with a
high positive predictive value. The positive pre-
dictive value decreases at segmental and sub-
segmental levels [33]. When clinical probability
of PE is low or intermediate, CTPA may overdi-
agnose PE, leading to a low negative predictive
value [33].

CTPA has the potential to visualize additional
pathologies other than PE such as pneumothorax,
pneumonia, interstitial lung disease, pleural dis-
ease, aortic dissection and pathologies of the
spine and rib cage [36-38].

6.10 Sensitivity and Specificity
of V/P SPECT and CT
in Diagnosis of PE

CTPA is often recommended as the first-line test
for PE diagnosis. However, the principal study
evaluating the use of CTPA as an imaging tool for
PE diagnosis shows that sensitivity is not more
than 78% and that there is a high number of false-
positive results when clinical probability is not
high [33]. The positive predictive value for a PE
within a lobar pulmonary artery was 97% but fell
to 68% and 25% in segmental and sub-segmental
pulmonary vessels, respectively [33]. PIOPED II
confirmed that CT has important limitations with
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respect to applicability: sensitivity and specificity
are low in large number of patients, even if pre-
test probability is taken into account. The authors
concluded: “The false negative rate for CTA
alone indicates the need for additional informa-
tion to rule out PE”. The absolute gain by adding
venous-phase imaging combination was also
modest. The authors concluded “the false nega-
tive rate for CTA alone indicates the need for
additional information to rule out PE” [39].

The sensitivity of V/P SPECT was tested in a
porcine model using latex emboli, labelled with
2IT] to enable precise localization of the emboli
that were 2.2-3.7 mm in diameter and caused only
sub-segmental defects. For the planar technique,
sensitivity and specificity were 67% and 80% and
for SPECT 93% and 94%, respectively [40].
Angiography and CTPA had sensitivities of 87%
and 82%, respectively, for emboli sized about
4 mm when a methacrylate cast of the porcine pul-
monary vessels was used as the independent stan-
dard and when CTPA was performed under apnoea
that is often not possible in the clinic [41]. Therefore
angiography as the gold standard can be mislead-
ing. In summary, animal studies indicate that V/P
SPECT has a sensitivity superior to scintigraphic
planar technique, angiography and CTPA.

6.11 Pregnancy

Pregnancy poses unique circumstances in diag-
nosing PE: The incidence of PE in pregnancy is
about fivefold higher than in nonpregnant females
of a similar age and is the leading non-obstetric
cause of death during pregnancy in developed
countries.

V/P SPECT is a recommended method by
EANM and SNM guidelines [42—44, 14].

To minimize radiation, a 2-day protocol is rec-
ommended. Perfusion-only SPECT is performed
on day 1, with only 50 MBq 99mTc-
MAA. Because of the low incidence of pulmo-
nary disorders in pregnant women, PE is usually
excluded based on a normal perfusion pattern. In
case of an abnormal perfusion pattern, anticoagu-
lation therapy can be started until a ventilation

study is performed on day 2, using a lung depos-
ited activity of 20-30 MBgq. This strategy leads to
a high sensitivity and specificity of the examina-
tion [9, 10] [45]. After the first trimester, the stan-
dard 1-day V/P SPECT protocol may be
considered.

D-dimer is not useful because it is elevated
during pregnancy [46]. CTPA has a high rate of
non-diagnostic tests due to changed haemody-
namics; increased blood volume and cardiac out-
put shortens the arrival time of intravenous
contrast in the pulmonary vessels, necessitating
adjustments in triggered scan delays. Non-
diagnostic CTPA scans occur in 6-36% of
patients, whilst alternative diagnoses were identi-
fied in 2-13% [9, 10, 45, 47].

CTPA leads to unique radiation hazards to the
maternal breast.

6.12 Radiation Doses

Following the good clinical practice, it is impor-
tant to minimize radiation exposure without sac-
rificing image quality and diagnostic accuracy.

Based upon data from ICRP reports [48], the
effective dose for V/P SPECT with the recom-
mended protocol is 2 mSv. In a systematic review
and meta-analysis of literature, radiation expo-
sure was 2.12 mSv for V/P SPECT per correct
diagnosis compared with 4.96 mSv for CTPA
[49]. In clinical routine, radiation doses between
3.5 and 13.2 mSv have been reported for CTPA
[50-52]. In general, higher effective doses
(>5 mSv) are reported from automatically col-
lected data [53-55].

The most critical organ in CTPA is the female
breast. Absorbed radiation doses to the female
breast ranging from 8.6 to 44 mSv have been
reported [56-58]. Tube current modulation is
able to decrease the breast dose from 51.5 mSv to
8.6 mSv [58], whilst shielding is less effective
[59]. Absorbed radiation dose to the female
breast from V/P SPECT is <1 mSv [56]. Fetal-
absorbed doses for V/P SPECT and CTPA are
similar and so small that they are unlikely to be
clinically significant [45, 56, 57].
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6.13 Clinical Use of Hybrid V/P
SPECT/CT

The Hybrid SPECT/CT System Is a Dual Imaging
Modality Technique. Its Clinical Application Is
Particularly Relevant in Oncological Diseases as
it Leads to Improved Sensitivity and Specificity,
Combining Co-Registration of Anatomical and
Functional Data. It May Lead to Improved
Staging and Treatment Monitoring. As Nuclear
Medicine Procedures Have the Ability to
Visualize Early Functional Changes Much sooner
than Structural Changes Occur, Additional CT
Procedure May Improve Correction for Photon
Attenuation and Allow Co-Registration of
Morphology and Function. However, SPECT/CT
Acquisition of the Chest Constitutes a Challenge
Due to Respiratory Movements, which Can
Cause Image Artefacts and Thus Decrease
Diagnostic Accuracy

The procedure starts with CT overview
image and continues with diagnostic low-dose
CT, (120 kV, 20 mAs/slice, 16 x 1.5 collimator,
0.5-s rotation time and pitch of 0.813) not used
for attenuation correction but to exactly co-
localize the morphological and functional
changes visualized in either of the two modali-
ties (Table 6.2). Thereafter follows the protocol
for V/P SPECT as described above and accord-
ing to the European guideline [42, 43 14]. Low-
dose CT delivers approximately 1 mSv when
used for alignment and attenuation correction.
However, as a diagnostic tool in this hybrid sys-
tem, it delivers 2-3 mSv and V/P SPECT
2 mSv.

Some authors have recently recommended
V/P SPECT/low-dose CT as a first-line proce-
dure in patients with suspected PE. This was
based on their prospective study performing V/P
SPECT and low-dose CT and making head-to-
head comparison with CTPA [60]. In a total of 81

Table 6.2 V/P SPECT/CT Protocol

simultaneous studies, 38% of patients had
PE. They showed 97% sensitivity and 88% speci-
ficity when only V/P SPECT was used. However,
adding low-dose CT, the sensitivity was
unchanged but specificity increased to 100%.
Interestingly 18% of patients had false-positive
PE diagnosis when V/P SPECT alone was inter-
preted [60]. A reason for this may be that they
were interpreting every mismatch as PE and not
only mismatches that conform to segmental lung
circulation as recommended by European guide-
line [42, 43 14].

In our opinion, V/P SPECT is a primary tool
in patients with suspected PE. Since 2003, more
than 20,000 examinations have been performed.
Based on our experience, we do not recommend
hybrid V/P SPECT/CT as a first-line procedure
for all patients with suspected PE. We recognize
an ethical problem in advocating higher radia-
tion dose (2-3 mSv) CT study in addition to V/P
SPECT for every patient with suspected PE
when prevalence of PE is about 30% in our
experience and might be as low as 10% [61].
Following the good clinical practice recommen-
dation to use a hybrid system for PE diagnosis is
premature [62]. CT utilization has increased
dramatically in the evaluation of patients with
suspected PE without improving rate of PE or
other clinically significant diagnoses [63].
Therefore, it is important to validate the V/P
SPECT/CT system and to assess the benefits
and risks [63-65]

We consider, however, that the dual modality
will have impact in some groups of patients.

SPECT/CT may provide adding value to
COPD patients showing morphological changes
in addition to functional defects, particularly in
visualizing small tumours. Figure 6.7 presents a
patient with COPD, small tumour and LHF [66].

Pitfalls exist both with respect to imaging
technique and scan interpretation.

CT overview image

Tube potential

Tube current

Collimation/slice width Pitch

Low-dose CT 120 kV 20 mAs

16 x 1.5-0.5 s rotation 0.813
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Coronal slices Transversal slices

Sagittal slices

Perfusion

CT

Fig. 6.7 Patient with COPD, small tumour and left heart
failure. Coronal and transversal slices of ventilation and
perfusion SPECT image: On the right, corresponding sag-
ittal V/P SPECT/CT fusion images. In the lower row, cor-
responding CT images. On CT image small tumour (1 cm)

6.14 Role of Ventilation SPECT
in Diagnosis of Other Lung
Diseases

6.14.1 Chronic Obstructive
Pulmonary Disease (COPD)

COPD is frequently observed in patients sus-
pected for PE, because COPD patients are at high
risk of pulmonary embolism [15, 27, 28, 67]. The
rate of PE in patients hospitalized for acute exac-
erbation of COPD may be as high as 25%.
Pulmonary embolism accounts for up to 10% of

-]

is visualized (red arrow). Aligning both modalities small
perfusion defect is observed in this area. On perfusion
SPECT antigravitational redistribution of perfusion is
visualized, representing LHF (white arrow) not visible on
CT nor on ventilation (non-segmental mismatch)

deaths in stable COPD patients. Different from
PIOPED study, PE can be diagnosed even in the
presence of COPD with V/P SPECT [67].

The characteristic of COPD is a general
unevenness of ventilation. Focal deposition of
aerosol in central or peripheral airways may even
locate sites of airway obstruction [68]. The
degree of unevenness of aerosol distribution cor-
relates with lung function tests [9, 10, 69, 70]. In
healthy subjects, even distribution of Technegas®
with good peripheral penetration and without
accumulation in large or small airways is
observed (Fig. 6.8). The grading of obstruction in
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Fig. 6.8 Degree of airway obstruction. Coronal slices:
schematic presentation of the obstructive lung disease
grading system in the left column. In the middle and the

ventilation SPECT has been standardized using
Technegas® VSPECT [9, 10]:

Grade 1: Mild airway obstruction, slightly
uneven distribution with some deposition of
Technegas® in small and intermediate
airways. Only minor areas with reduced
peripheral penetration are observed.

Grade 2: Moderate airway obstruction, depo-
sition of Technegas® in intermediate and
large airways, diminished peripheral penetra-

right column, typical V/P SPECT images that show difter-
ent degrees of airway obstruction

tion with maximum accumulation in the cen-
tral half of the lung.

e Grade 3: Severe airway obstruction, central
deposition in large airways with severely
impaired penetration of Technegas® and
major areas with reduced or abolished
function.

V/P SPECT has a high sensitivity to show an
obstructive pattern in the lungs of many appar-
ently healthy smokers (work in progress).
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Fig. 6.9 Patient with severe COPD, massive PE and
emphysema. Coronal slices: uneven distribution of venti-
lation with central deposition of aerosols indicating severe
degree of airway obstruction. In the right upper lobe is
area with reduced/absent ventilation and perfusion
(emphysema, green arrow). Corresponding perfusion
images (middle row) show multiple segmental perfusion
defects in the ventilated areas (PE, red arrows) well delin-
eated on V/P quotient image

V/P SPECT gives the possibility to localize
ventilation and perfusion impairment and also
estimate the total lung function [71]. It is note-
worthy that there are no contraindications to V/P
SPECT and that even very sick and breathless
patients can be studied. Figure 6.9 shows coronal
slices in a patient with a severe COPD, massive
PE and emphysema.

6.14.2 Pneumonia

Pneumonia is also a frequent finding in patients
investigated for suspected PE (Figs. 6.2, 6.4, and
6.5). Pneumonia is here a general term for condi-
tions of lung inflammation, often caused by a
bacterial, viral or fungal infection, where blood
biomarkers are not sufficient for diagnosing
pneumonia and unspecific clinical symptoms can
lead to diagnostic problems [72, 73].

In pneumonia, V/P SPECT shows ventilation
defects that usually exceed perfusion defects

known as reverse mismatch (reversed V/P mis-
match) [74, 75]. Preserved perfusion along the
pleural border peripheral to a central matched
defect recognized as the “stripe sign” is a specific
sign of pneumonia (Fig. 6.5) [76]. In a recent
study, following patients with PE and pneumonia
clinically and with V/P SPECT, reversed mis-
matched or matched V/P defects typical for pneu-
monia were confirmed [27, 28]. Dyspnoea was a
common symptom in these patients. It can be
caused by pneumonia as well as by PE or
COPD. In some patients, V/P defects typical for
pneumonia reduce the total lung function in the
absence of any morphological CT changes.
Frequently, pneumonia is comorbid with PE
(Figs. 6.2, 6.4, and 6.5). In these clinical scenar-
ios, PE is frequently missed by CT [9, 10, 77].
This is important information because in general,
current clinical and nuclear medicine practices
do not recognize nor use V/P SPECT as a poten-
tial imaging method to diagnose or manage
pneumonia.

6.14.3 Left Heart Failure

Antigravitational perfusion distribution from
posterior to anterior region indicates pulmonary
congestion. The pattern was described already in
1966 [78] and studied later [27, 28, 79-82]. As
ventilation is usually less affected, the typical
pattern is antigravitational redistribution of per-
fusion and V/P mismatch in dorsal regions of the
lung. This V/P mismatch has a non-segmental
pattern (does not conform pulmonary vascular
architecture) and should not be misinterpreted as
pulmonary embolism (Fig. 6.10). The positive
predictive value >88% for heart failure has been
observed [81]. The power of V/P SPECT for
diagnosis of heart failure was recently confirmed
against right heart catheterization [80].

6.14.4 Preoperative Evaluation
of Lung Function

The assessment of lung function is essential for
planning and predicting the outcomes of surgery
such as lung volume reduction surgery and in
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Fig. 6.10 Patient with left heart failure. Sagittal slices
from the left lung show antigravitational redistribution of
perfusion (purple arrows). Ventilation is less affected
causing mismatch. Mind the pattern; it is not of segmental
character

patients  with tumour  or
transplantation.

Previously, planar lung scintigraphy was
applied for this purpose measuring ventilation
and perfusion from geometrical mean of anterior
and posterior projection using the whole lung and
upper middle and lower zone. Today, V/P SPECT
is recommended because it allows quantitative
measurement of ventilation and perfusion and a

better evaluation of the regional lung function

lung lung

reserve. Planar and tomographic techniques
allow comparable assessment of the whole lung
function. However, V/P SPECT is significantly
better than planar scintigraphy to assess lobar
lung function [83].

Combination of functional and morphological
imaging by V/P SPECT and CT offers a better
identification of malignancy and emphysema
than using only one method [66]. The new hybrid
V/P SPECT/CT imaging technique has shown
advantages in predicting postoperative lung func-
tion in patients with non-small cell lung cancer
[84] as well as the assessment of the outcome
after chemotherapy [85]. The area is challenging
and more work needs to be done to further
develop techniques.

6.15 Conclusion

Ventilation/perfusion SPECT (V/P SPECT) is the
recommended scintigraphic technique for the
diagnosis of pulmonary embolism (PE) and many
other disorders that affect lung function.
Moreover, according to European Association of
Nuclear Medicine guideline, it should be the pre-
ferred modality whenever possible for the diagno-
sis of PE because it has the highest sensitivity and
accuracy and neither contraindications nor com-
plications. It produces very few non-diagnostic
reports, and radiation doses are low. This is par-
ticularly important for women in the reproductive
period and during pregnancy [9, 10]. Furthermore,
full use should be made of display options, which
are integrated in modern camera systems. Holistic
interpretation is the most important strategy for
V/P SPECT, giving a clear report with respect to
PE, its extension as well as other diagnoses based
on V/P patterns typical for various diseases.
Interpretation is based upon all relevant clinical
information about the patient and all V/P patterns.
The abovementioned advantages of V/P SPECT
for studying PE imply that it may be the most suit-
able technique both for follow-up in patients with
PE and for research regarding treatment and
pathophysiology of PE.
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