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Abstract. This article reviews the contribution made by
nuclear imaging to the assessment, diagnosis and moni-
toring of patients with respiratory disease. It focuses on
several specific areas including the diagnosis of pul-
monary embolism, the investigation of intrapulmonary
infection and neoplasm and the role of positron emission
tomography (PET) scanning.
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Introduction

Respiratory disease is an increasingly significant contrib-
utor to morbidity and mortality in the Western world.
Lung cancer and chronic bronchitis continue to be major
clinical problems. As the population lives longer, there
are many older patients with pulmonary disease. These
elderly patients are increasingly likely to undergo both
emergency and elective surgery, with the attendant risks
of pulmonary embolism and postoperative infection.
The acquired immunodeficiency syndrome (AIDS)
pandemic continues unabated. This disease has already
had a significant impact on the practice of medicine
throughout Europe. Initially a disease of homosexual
men, there are now increasing numbers of bisexual and
heterosexual intravenous drug users presenting with hu-
man immunodeficiency virus (HIV) infection. By the end
of 1993 it is likely that over half of the new cases of
AIDS throughout Europe will be in the intravenous
drug-using population. This disease has particular im-
portance in the context of respiratory problems as over
60% of all HIV-positive patients will have a respiratory
iliness during their disease course. In this patient group
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Table 1. Pulmonary nuclear medicine

Ventilation and perfusion scanning
Investigation of intrathoracic infection
Investigation of intrathoracic malignancy
Assessment of lung permeability

Assessment of mucociliary clearance

Positron emission tomography (PET) scanning

localising signs and symptoms may be absent, and the
diagnosis of infection may be limited by the utility of
conventional radiological imaging techniques such as
computed tomography (CT) scanning, magnetic reso-
nance imaging (MRI) or ultrasound examination.

Position emission tomography (PET) scanning, which
has already been shown to provide detailed information
about the metabolic functions of the organ under study,
is now being applied to the lung in both health and
disease. PET appears to have a particularly useful role
in the assessment of pulmonary neoplasia.

This article reviews the contribution made by nuclear
medicine to the assessment, diagnosis and monitoring
of respiratory disease. Table 1 outlines the main areas
covered. The emphasis is on the application of nuclear
medicine techniques to the practice of clinical respiratory
medicine.

Ventilation and perfusion imaging

For most clinicians the main use of pulmonary nuclear
medicine is for the diagnosis or exclusion of pulmonary
embolism using both ventilation and perfusion imaging.
Ventilation (V) and perfusion (P) images have, however,
been used separately to assess a number of different as-
pects of lung function or pathology (Table 2).

Perfusion imaging
This is most frequently performed using either micro-

spheres or macroaggregates labelled with technetium-
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Table 2. Uses of perfusion and ventilation scanning

Perfusion scanning

Assessment of arteriovenous malformations
Assessment of surgical operability of lung cancer
Differentiation of primary and secondary pulmonary hypertension

Ventilation scanning

Assessment of regional ventilation
Assessment of small airways function
Ventilation/perfusion scanning

Monitoring of response to radiotherapy
Assessment of resectability of bullae
Diagnosis of suspected pulmonary embolism

99m. Krypton-81m and xenon-133 have also been used
as research tools, the radiotracers being infused intrave-
nously and carried to the pulmonary circulation prior
to exhalation. Recently, PET compounds such as red
blood cells labelled with C'°0 or H,*>O have been used
to measure pulmonary perfusion.

Perfusion imaging has also been used to:

1. Quantitate the size of shunts associated with intrapul-
monary arteriovenous malformations (Chilvers et al.
1988).

2. Assess the operability of bronchial carcinomas by pre-
dicting postoperative lung function (Konietzko 1987).
In peripheral carcinomas of the lung, ventilation and
perfusion are reasonably well matched and correspond
to the extent of the lesion seen on the chest radiograph.
In central tumours both perfusion and ventilation de-
fects may be unexpectedly large with the occasional ab-
sence of function occurring on the infected side even
though the lung is not collapsed (Ellis et al. 1983). In
this situation, it is likely that mediastinal structures are
involved with tumour spread.

The major indication for perfusion scanning in the as-
sessment of bronchial carcinoma is in the prediction of
postoperative function following pneumonectomy. Pro-
spective studies comparing the estimates with forced ex-
piratory volume in 1 s (FEV,) and exercise performance
(in terms of VO, max) may be predicted with consider-
able accuracy (Corris et al. 1987). The best correlation
is obtained with perfusion scanning carried out in the
upright position.

Postsurgical function =
Perfusion to contralateral lung
Total perfusion to both lungs

Preoperative function x

If the predicted postoperative FEV, > 800 ml, the major-
ity of surgeons will operate and perform a pneumonec-
tomy.

3. Distinguish between primary pulmonary hypertension
and secondary causes. Patients with primary pulmonary
hypertension tend to have normal or low probability

ventilation perfusion scans, whilst those with secondary
pulmonary hypertension tend to have multiple segmen-
tal perfusion defects caused by multiple pulmonary em-
boli; there is some overlap, however (Powe et al. 1987;
Moser et al. 1988), and it is possible that pulmonary
angiography will permit distinction (Gray et al. 1990a).

Ventilation imaging

Ventilation studies are performed with gases such as
133%e, 127Xe, 8'™Kr or by using aerosols of °°™Tc-la-
belled diethylene triamine penta-acetic acid (DTPA) or
colloids. Although aerosols and particles are perfectly
adequate for performing ventilation imaging and the im-
ages obtained with these techniques look similar to those
performed with gases, aerosols and particles behave dif-
ferently to gases and so cannot be used to assess regional
ventilation.

In patients with chronic airflow limitation (CAFL)
99mTc.DTPA aerosols penetrate the peripheral lung
poorly. °°™Tc-DTPA particles of mass median aerody-
namic diameter (MMAD) <1 um will penetrate the pe-
riphery adequately in patients with normal lung func-
tion. Proximal impaction in the major bronchi occurs
in patients with CAFL, with a reduced and uneven pe-
ripheral deposition. Because of these limitations arising
from the use of conventional °*°*™Tc-DTPA aerosols in
patients with CAFL, newer, smaller particle aerosols
have been developed.

1. Technegas. This consists of **™Tc-labelled carbon par-
ticles measuring 0.02-0.2 pm, approximately one-tenth
the size of a conventional nebulised aerosol. Its use in
ventilation imaging has been evaluated in several studies.
Technegas ventilation images are comparable with 133Xe
images in normal subjects (Amis et al. 1990) and in pa-
tients with CAFL (Crawford etal. 1990). No central
airways deposition of Technegas was seen in patients
in either study, and a static distribution of radiotracer
was seen for 20 min post inhalation, thus providing ade-
quate time for single photon emission tomography
(SPET) acquisition or multiple planar views. In a study
of patients with suspected pulmonary embolism, the ac-
curacy of Technegas ventilation scans was compared
with 1*3Xe images and also the accuracy of ventilation/
perfusion scanning using Technegas and ??™Tc-macro-
aggregates of albumin (MM) MAA was compared with
pulmonary angiography. Technegas had a comparable
accuracy to '33Xe imaging. There was also an excellent
correlation between ventilation perfusion images using
Technegas and “?™Tc-MAA and the results of pulmo-
nary angiography (Rimkus and Ashburn 1990). Other
studies report some reservations with the use of Techne-
gas for ventilation imaging as deposition of particles
has been demonstrated in the central airways (DeGeeber
et al. 1989; Hilson et al. 1989).

2. Particulate aerosol. This is produced by a new type
of aerosol delivery system called the APE (from the acro-



nym aerosol production equipment) nebuliser. By gener-
ating pressurised dry air and mixing this with ®°™Tc-
DTPA suspended in alcohol and allowing the mixture
to return to room pressure in a collecting bag, a dry
particulate aerosol is created with a MMAD of 0.3 um.
Evaluation of the APE nebuliser to deliver particulate
99mTc-DTPA was carried out in both normal subjects
and in patients with very mild airways disease (mean
FEV,=80% of predicted). Results showed that ventila-
tion images with this technique were similar to those
obtained with 123Xe (Miller et al. 1991).

Other uses of ventilation imaging include:

1. Assessment of regional ventilation within the lung.
Studies of regional ventilation provide a sensitive indica-
tion of early air flow obstruction. A delay in the washout
of 13¥Xe is more sensitive than abnormalities in the tidal
breathing of 8'™Kr. Abnormalities of regional ventila-
tion become more marked in those patients with severe
CAFL and in this situation become associated with ab-
normalities of perfusion imaging. The overall clearance
of '*3Xe from the lung measured as a function of ex-
change of air per second has been shown to correlate
well with the FEV, (Secker-Walker et al. 1974).

2. Assessment of small airways function. By deriving the
ratio of peripheral to central deposition of inhaled aero-
sols and comparing this ratio with the peripheral and
central deposition of *3Xe or 81™Kr, an assessment of
small airways disease (of bronchi or bronchioles) may
be made (Agnew et al. 1981). Comparison of the pene-
tration index (obtained by dividing the ratio of peripher-
al to central deposition of Technegas to the peripheral/
central distribution of *3**Xe or #!™Kr) with the pre-
dicted FEV, shows a linear relationship in patients with
mild obstructive airways disease. Theoretically, it would
be possible to estimate the FEV, in a patient from the
penetration index obtained by ventilation studies with
Technegas and ®'™Kr (Arnott et al. 1986).

Ventilation/perfusion scanning

The use of radionuclide imaging for the diagnosis of
emboli has always been fraught with controversy (Gray
1990; Windebank 1990). The introduction of a classifica-
tion by McNeil (McNeil et al. 1974) and Biello (Biello
et al. 1979) has provided a basis for reporting and discus-
sion. More recent publications have reopened the old
wounds; the large Prospective Investigation of Pulmo-
nary Embolism Diagnosis (PIOPED) study (PIOPED
Investigators 1990) and a smaller study from Glasgow
(Gray et al. 1990b) used modifications of the original
Biello classification (Table 3). Both studies used 33Xe
as the ventilation agent and employed the presence or
absence of chest radiograph abnormalities to place pa-
tients into differing categories.
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Table 3. PIOPED criteria used to assess radionuclide scans for the
probability of pulmonary embolism (PE) on angiograms

Likelihood Imaging results
of PE
Normal Normal perfusion scan

Very low probabil-

ity One of three small* perfusion defects; normal
chest radiograph
Low probability Non-segmental perfusion defects®

Single moderate® perfusion defect; chest radio-
graph normal

Any perfusion defect substantially smaller than
chest radiographic defect

Ventilation-perfusion match <50% of lung in-
cluding <75% of one lung zone? with normal
or almost normal chest radiograph

More than three small® perfusion defects; chest
radiographic and ventilation scan irrelevant
Three or fewer small perfusion/chest radio-
graph-matched defects; ventilation irrelevant

Indeterminate or
intermediate Any abnormality that is not defined clearly by

other criteria

High probability Two or more large® perfusion defects; ventila-
tion and chest radiograph normal
Two or more large® perfusion defects in which
the perfusion defect is substantially larger than
either matching ventilation scan or chest radio-
graph defect
Two or more moderate® perfusion defects and
one large® perfusion defect; ventilation scan
and chest radiograph normal
Four or more moderate® perfusion defects;
ventilation scan and chest radiograph normal

2 25% or less of an anatomic segment

Very small effusion, cardiomegaly, hila, etc.
¢ >25% and <75% of a segment

¢ Upper, middle or lower third of the lung

¢ >75% of a segment

PIOPED study

This multi-centre study attempted to evaluate the utility
of ventilation/perfusion imaging in the diagnosis of
acute pulmonary embolism. Patients referred for ventila-
tion/perfusion scanning or pulmonary angiography
within 24 h of a suspected pulmonary embolism were
included. Of 5587 possible patients considered in the
study period from January 1985 to September 1986,
933 patients were included. Posterior view ventilation
scans were performed with *33Xe. Left posterior oblique
and right posterior oblique views were also obtained
during the washout. Eight view perfusion studies were
performed using *°™Tc-MAA.

Ventilation/perfusion scans were interpreted accord-
ing to predetermined criteria by two readers from out-
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side the centre, and a third party adjudication was used
for diagreements between observers. Pulmonary angiog-
raphy was interpreted similarly. The intent of the study
was to carry out pulmonary angiography in all patients
following ventilation/perfusion scanning, but in fact this
was carried out in only 755 patients. The follow-up was
by telephone for up to 12 months after the investigation,
and an outcome classification was obtained for 902
(97%) of the participants. The greatest agreement be-
tween scan readers was seen in the high probability, very
low probability and normal categories (>92%). Lower
agreement was obtained for patients with intermediate
or indeterminate probability scans (75%) and low prob-
ability categories. Pulmonary angiography agreement
was 92% for the presence of pulmonary embolism, 83%
for the absence of pulmonary embolism and 89% for
those in the uncertain category. The sensitivity of a high
probability scan for the diagnosis of pulmonary embo-
lism was 41%, with a specificity of 97%. Combining
the high and intermediate probability scans, the sensitivi-
ty was increased to 82%, but this was associated with
a fall in specificity for the diagnosis to 52%.

The important results from this study were:

1. Most patients with documented pulmonary emboli
did not have high probability scans, 102 of 251 scans
(sensitivity 41%).

2. A high probability study strongly correlated with a
positive pulmonary angiogram result, 102 of 116 pa-
tients, positive predictive value =88%.

3. A past history of pulmonary embolism reduced the
positive predictive value of a high probability scan from
88 of 97 patients (91%) with no prior history to 14 of
19 patients (74%) with a prior history.

4. The likelihood of pulmonary embolism in cases of
near normal or normal perfusion scans — is very low,
5 of 128 patients (4%).

5. An intermediate or indeterminate probability scan
(the largest single category) was not diagnostic; it had
a positive predictive value of 33% (104 of 345 patients).
If combined with a high pretest clinical probability as-
sessment, its diagnostic value was increased.

6. The presence of emboli in the low probability group
was demonstrated in 39/238 of those who had undergone
angiography (a further 74 patients did not have angio-
grams) and in 5/55 with near normal/normal scans (a
further 76 patients in this group did not undergo angiog-
raphy).

The main concern arising from the PIOPED study
was the low degree of interobserver agreement in the
intermediate/indeterminate and low probability groups
(75% and 70%, respectively). Because of the dangers
implicit in clinicians equating low probability with “no
probability” of pulmonary embolism, some centres now
advocate that scans should only be interpreted as being
high probability, normal, or non-diagnostic (Moser
1990). On the other hand, of the 170 patients in the
PIOPED study who had low probability, normal or near

normal scans, approximately 10% would have been pre-
dicted to have emboli. None of these patients received
anticoagulant therapy, and none had clinical events. The
question is then raised: in this group is there a need
to anticoagulate and are the “emboli” detected on an-
giography clinically relevant? The conclusions that can
be drawn from the studies are that the probability of
a correct diagnosis is high for the high probability, nor-
mal and low probability scans. However, as in most stu-
dies 30%-40% of patients have indeterminate scans and
since there are risks associated with anticoagulation, this
group should be targeted for a further test, either angiog-
raphy or impedance plethysmography (Hull et al. 1989).
The size of the group may be reduced by treating those
patients with a high pretest clinical suspicion of disease.

Other uses of ventilation/perfusion scanning include:

1. Assessment of response to radiotherapy for bronchial
carcinoma. With a successful response to radiotherapy,
a regional improvement in ventilation and perfusion
may be seen in patients with an unresectable lung cancer.
2. Assessment of the resectability of bullae. Patients with
large bullae and co-existing CAFL may derive functional
benefit from plication or excision of the bullae. The pre-
diction of the likelihood of benefit is difficult if ventila-
tion/perfusion imaging shows that the bullae are venti-
lated but not perfused (i.e. dead space). This is an indica-
tion for surgery. In reality, bullae are rarely significantly
ventilated or perfused. Nevertheless, ventilation/perfu-
sion imaging is useful since it provides an estimate of
the regional ventilation/perfusion relationships within
the lung as a whole, and also if the lung around the
bullae is well ventilated and perfused, then removal of
the tense bullac may allow any compressed healthy tissue
to regain its physiological function.

3. The assessment of foreign body inhalation in children,
if the foreign body is radiolucent.

Diagnosis of intrathoracic infection

The localisation of infection presents a major challenge
to the clinician. Early and accurate detection of infection
permits earlier therapy with antibiotics (with potentially
a better outcome). In immunosuppressed patients, for
example those with HIV infection or those receiving ster-
oids or immunosuppressive drugs, there may be few
localising signs, if any, and fever may be absent despite
the presence of focal infection.

Radionuclide imaging techniques play an important
role in the detection of infection before the occurrence
of the extensive damage which is detected by convention-
al radiography, CT, MRI and ultrasonography. Radio-
nuclide scanning is particularly useful in localising the
site of infection (a) when the disease location is un-
known, as in those patients with pyrexia of undeter-
mined origin (PUO), as whole body imaging may be
undertaken without an additional radiation burden to



Table 4. Imaging techniques to localise intrathoracic infection

Gallium-67 citrate

Indium-111-oxine white blood cells (WBC)

Technetium-99m-hexamethyl propylene amine oxine (HMPAO)
WBC

99mTe granulocyte-specific antibodies

1111n human polyclonal immunoglobulin

29mT¢ human polyclonal immunoglobulin

1111n chemotactic peptide analogues

the patient, or (b) when distorted anatomy is present,
for example following previous thoracic surgery, pulmo-
nary fibrosis or pleural thickening. Radionuclide imag-
ing techniques that have been employed to identify and
localise intrathoracic infection are shown in Table 4.

Gallium-67 citrate

Gallium was first noted to localise in inflammatory le-
sions over 20 years ago (Lavender et al. 1971). The ma-
jor problem with %7Ga imaging of the thorax is that
at least 48-72 h are required between the injection and
imaging, and despite its high sensitivity for identifying
infection, its specificity is poor. Diffuse or focal intra-
thoracic accumulation of this tracer is seen in a variety
of other conditions including sarcoidosis, amiodarone
use and following cytotoxic therapy with bleomycin and
probably any other cause of interstitial pneumonitis, i.e.
in “rheumatoid lung”, an immunologically mediated
process. °’Ga appears to be taken up by activated lym-
phocytes (Specht et al. 1991), rather than neutrophils.

In HIV-positive patients with suspected Preumocystis
carinii pneumonia (PCP) diffuse intrapulmonary accu-
mulation of ¢”’Ga has been shown to be a very sensitive
method of confirming the diagnosis (Bitran et al. 1987).
Unfortunately, a number of other infective causes (in-
cluding bacterial pneumonia, mycobacterial infection
and lymphoid interstitial pneumonitis) and non-infective
conditions such as pulmonary talc granulomatosis, other
granulomatous conditions and lymphoma may produce
similar appearances (Kramer et al. 1989: Miller 1990).
Focal accumulation within the thorax may also be seen
with PCP, bacterial and mycobacterial infection, includ-
ing lung abscess, as well as lymphoma (Lavender et al.
1971; Miller 1990). The use of “high” dose ®’Ga permits
SPET acquisition and also allows a longer delay between
injection and imaging in order for bowel activity to sub-
side.

Indium-111 oxine white blood cells
Indium-111 oxine autologous white cells (WBC) were

used to image 38 patients with chronic sputum expector-
ation. Some 24 patients had radiologically proven bron-
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chiectasis, and 14 had mucus hypersecretion without
bronchiectasis. Twenty-one of the 38 patients had a posi-
tive scan showing intrapulmonary accumulation of
11Tn-oxine WBC. This accumulation was not seen 5 pa-
tients who were producing small quantities (<20 ml) of
mucoid sputum. '*In-WBC scanning appeared to be
useful in assessing the level of intrapulmonary inflamma-
tion in patients with bronchiectasis (Currie et al. 1990).
1117-WBC imaging has also been shown to demonstrate
focal accumulation in patients with lung abscess but can
be negative in patients with acute pneumonia (Savery-
muttu et al. 1985).

Imaging with '!!In-oxine WBC has been shown to
be superior to ®’Ga in the detection of extrapulmonary
infective foci in HIV-positive patients with PUO (Fine-
man et al. 1989). However, within the thorax ®’Ga scan-
ning appeared superior. '!'In-oxine-WBC scanning de-
tected only 12 of 16 intrathoracic abnormalities detected
by 7Ga scans. Ten patients had diffuse intrapulmonary
accumulation of ®7Ga; 9 of these patients had PCP.
In only 5 was the '!!'In-oxine-WBC scan positive. Of
6 other patients who had focal intrapulmonary uptake
of ®7Ga (due to bacterial infection), only 3 were positive
with ''In-oxine-WBC scanning.

A major drawback of using labelled WBC techniques
in HIV-positive patients is the perceived risk to the nu-
clear medicine department personnel carrying out the
test. The risk of needle stick injury is present during
venesection of the HIV-positive patient’s blood, han-
dling of the blood sample, carrying out leucocyte separa-
tion prior to labelling and during reinjection of the la-
belled white cells into the patient. As an alternative, do-
nor leucocytes have been used successfully (O’Doherty
et al. 1990a).

Technetium-99m hexamethyl propylene amine oxine WBC

The use of technetium-99m hexamethyl propylene amine
oxime (HMPAO) WBC is well established for imaging
intra-abdominal inflammation. A small study of 9 pa-
tients with clinical and radiographic evidence of acute
chest infection or bronchiectasis were studied using both
11Tn-oxine-WBC and *°™Tc-HMPAO-WBC. There was
complete concordance between the two techniques for
imaging infection. False-negative results were seen in
3 patients, 1 with tuberculosis, 1 with bronchiectasis and
1 with acute bronchitis (Buscombe et al. 1991a).

Technetium-99m-labelled monoclonal antibodies
to granulocytes

29mTc-labelled monoclonal antibodies (MoAb) to granu-
locytes (WBC) bind directly to leucocytes. There are few
data on the use of this radiotracer to image intrathoracic
infection, and there are no studies comparing its use
with other radionuclides in this clinical situation. Murine
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monoclonal antibody (MoAb BW 250/183), which reacts
with an epitope of non-cross-reacting antigen 95 on the
surface of neutrophil granulocytes (but which does not
induce antibody- or complement-dependent lysis of
cells), has been used to image possible sites of infection
in a mixed group of surgical and medical patients. The
technique correctly identified 20 cases of infection in-
cluding sites of osteomyelitis, soft-tissue infections and
internal sepsis. There were 2 false-positive results in the
11 patients without infection. In addition, of 2 patients
with intrapulmonary foci, infection imaging with MoAb
failed to detect an encapsulated lung abscess in 1 patient
(Lind et al. 1990).

Indium-111-labelled polyclonal immunoglobulin

!111n-labelled polyclonal human immunoglobulin (HIG)
localises in areas of infection and inflammation. In a
study of 128 patients with suspected focal infection, lo-
calisation of '''In-HIG correlated with the clinical find-
ings in 51 patients with proven infection, and in 63 pa-
tients shown ultimately not to have infection, no accu-
mulation of radiotracer occurred (Rubin et al. 1989). Of
note, a diffuse intrapulmonary accumulation of *'!In-
HIG was seen in 5 patients with PCP. Candida septic
pulmonary emboli and Mycoplasma pneumonia were
also identified, shown by focal intrapulmonary accumu-
lation of tracer. There was 1 false-negative as imaging
failed to detect a pulmonary cryptococcoma. !'In-HIG
has been compared with '"In-WBC to image 35 pa-
tients with subacute infections. Four patients had a pul-
monary focus of infection due to Mycobacterium tuber-
culosis, in 2 patients both techniques were positive, in
1 both were negative and in another the labelled WBC
scan was positive and the HIG scan negative (Oyen et al.
1991).

111n-HIG has been compared with °’Ga in steroid-
immunosuppressed rats with PCP (Fischman et al.
1991). In rats with early PCP, '''In-HIG scans showed
diffuse intrapulmonary uptake, and ®’Ga scans were
negative. In advanced PCP both scanning modalities
were positive, but greater intrapulmonary accumulation
occurred with '*In-HIG compared with %7Ga. In rats
successfully treated for PCP, clinical recovery was mir-
rored by a reduction in the intensity of the pulmonary
accumulation of !In-HIG on follow-up scanning. In
some rats, bacterial or fungal superinfection occurred,
and here !1!'In-HIG scanning showed patchy, focal, in-
trapulmonary accumulation in addition to a diffuse up-
take. ®’Ga images did not demontrate these abnormali-
ties.

In a small prospective study, 13 HIV-positive patients
with respiratory symptoms were imaged with !11In-HIG
and the results correlated with bronchoscopic, radio-
graphic and laboratory data. A diffuse accumulation of
tracer was seen in PCP; focal accumulation was also
seen in PCP and in bacterial pneumonia. No accumula-
tion was seen in patients with pulmonary Kaposi’s sarco-

ma (Miller et al. 1992). The major advantage of *!'In-
HIG scanning compared with ®’Ga scanning is that it
results in a lower radiation dose to the patient and the
imaging protocol is faster (24-48 h with '!'In-HIG and
48-72 h with °’Ga). In HIV-positive patients with sus-
pected PCP, it may not be possible to defer decisions
regarding treatment for 72 h pending the results of gal-
lium scanning, and in this context *'In-HIG scanning
has a major advantage.

Technetium-99m-labelled polyclonal immunoglobulin

29mTe HIG has been compared with ’Ga in 25 HIV-
positive patients presenting with fever; 14 of these pa-
tients had 29 microbiologically confirmed sites of infec-
tion. °’Ga identified 27 sites and **™Tc-HIG identified
16 sites. Of those identified by 5’Ga and not by °°™Tc-
HIG 7 were intrathoracic (Buscombe et al. 1996). An
accumulation of ¢’Ga not due to infection occurred in
8 sites (including 5 patients with lymphoma). °°™Tc-
HIG showed accumulation in only 1 of these patients
with lymphoma. Outside of the chest, both agents had
equal sensitivity for identifying infection, but a better
specificity was seen with **®Tc-HIG. Within the thorax,
the reduced sensitivity was attributed to the short physi-
cal half-life of the radiolabel, resulting in images of im-
paired quality if they were obtained more than 6 post
injection. Images obtained at 4 h post injection were ob-
scured by persistent cardiac and pulmonary blood pool
effects.

Indium-111-labelled chemotactic peptide analogues

Leucocyte chemotactic peptides derived from bacteria
have three potential advantages over monoclonal and
polyclonal antibody nuclear medicine studies. Firstly,
their smaller size facilitates better diffusibility to the ex-
travascular space. Secondly, faster blood clearance re-
sults in a low background activity (an important consid-
eration in imaging infection in the highly vascular lungs
and mediastinum). Thirdly, well-defined receptor sys-
tems exist on known populations of tissue cells. Evidence
from animal studies suggests that infection may be im-
aged within a few minutes of injection of this tracer
(Fischman et al. 1991). Exciting possibilities exist for the
future. Analogues of these peptides may be synthesised
and by varying the size, charge and other properties
of the molecule could theoretically produce the ideal
radiotracer for imaging infection. Further work in hu-
mans is required.

Investigation of intrathoracic malighancy

The clinical evaluation of patients with unclassified in-
trathoracic masses or known lung malignancy (lympho-
ma or carcinoma) includes 4 clearly defined situations:
firstly, the discrimination of infection from malignancy



Table 5. Imaging tracers to localise intrathoracic malignancy

57Ga-citrate

2017]

99mTc-glucoheptonate

1317 Jabelled antibodies to vasopressin-associated human neu-
rophysin

1111p-Jabelled carcinoembryonic antigen-specific monoclonal anti-
bodies

123].labelled somatostatin analogue

in patients with a solitary pulmonary nodule or focal
consolidation seen on a chest radiograph or CT scan;
secondly, the delineation of the extent of tumour in-
volvement in patients with a known lung malignancy;
thirdly, the assessment of the response to treatment; and
fourthly, the early diagnosis of tumour recurrence in
patients with previously treated lung cancer. Several ra-
diotracers have been used in the assessment of intrathor-
acic malignancy; these are shown in Table 5.

Gallium-67 citrate

Lavender first demonstrated that this radiotracer accu-
mulates in tumour tissue, as well as at sites of infection
(Lavender et al. 1971). This lack of specificity limits its
use in the assessment of the undiagnosed pulmonary
nodule but does not reduce its utility in delineating the
tumour’s extent or the assessment of the response to
therapy in patients with pathologically confirmed tu-
mours.

Thallium-201 chloride

This radiotracer also accumulates in lung neoplasms
(Tonami et al. 1976). Imaging with thallium-201 chloride
was compared with 4’Ga in 38 patients with lymphoma
of diffuse grades (26 had non-Hodgkin’s lymphoma, and
12 had Hodgkin’s disease). 2°! Tl accumulation occurred
more avidly in low-grade lymphomas compared with in-
termediate and high-grade ones. Also, in patients with
low-grade lymphoma, 2°!Tl accumulation was more
clearly defined than that of ®’Ga (Waxman et al. 1991).

201T] with delayed SPET imaging at 3 h post injection
was used to detect mediastinal lymph node metastases
in 80 patients with lung cancer (all of whom proceeded
to thoracotomy within 1 week of scintigraphic imaging).
Some 51 patients did not have metastatic mediastinal
lymph nodes at thoracotomy; 6 patients had received
a false-positive result. Of 29 patients with mediastinal
lymph node involvement, 22 were imaged by 2°1TI-
SPET. All had multiple lymph node involvement, and
the nodes were > 14 mm in size; accumulation of 2°Tl
was not seen in 7 (false-negative) patients with metastatic
lymph node disease. These patients had single lymph
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nodes <12 mm size involved with tumour (Tonami et al.
1991).

Technetium-99m glucoheptonate

99mTc-glucoheptonate (GH) accumulates in lesions and
reflects the blood pool activity. In one study, 108 pa-
tients with focal chest radiographic abnormalities (85
with carcinoma and 23 with other pathology) were im-
aged with ?°*Tc-GH. Accumulation of tracer within the
lesions was seen in 71 of the 85 patients with cancer
but also in 16 of 23 patients with other diagnoses. Of
note, in this latter group, 11 of 12 patients with M. tuber-
culosis showed focal uptake of the radiotracer. Thus,
although the sensitivity of *°™-Tc-GH was 84%, the
specificity for the diagnosis of lung cancer was only
30%. The intensity of uptake with this tracer did not
vary significantly with the different histology results
(Langford et al. 1986D).

Indium-111-labelled carcinoembryonic antigen-specific
monoclonal antibodies

The clinical use of MoAb directed against tumour-asso-
ciated antigens has developed rapidly over the past few
years. Immunoscintigraphy with labelled MoAD exploits
a quantitative difference between the tumour and adja-
cent normal tissues with respect to tumour-associated
antigen.

Carcinoembryonic antigen (CEA), a tumour-asso-
ciated glycoprotein first described in patients with color-
ectal cancer, has been shown also to be present in prima-
ry lung cancers. Immunoscintigraphy with 11!In-CEA-
specific MoAb (type F023C5) F(ab'), fragments was car-
ried out in 66 patients who had a high index of suspicion
of primary lung cancer and also in 8 control patients
with different chest diseases (including lung abscess, M.
tuberculosis infection and pulmonary fibrosis; Biggi
et al. 1991). Positive scans showing a focal accumulation
of indium-labelled MoAb occurred in 60 of 66 cancers,
including 32 of 35 patients with squamous cell carcino-
ma, all 6 patients with small cell carcinoma, 9 of 10
with adenocarcinoma, 4 of 6 with large cell and all 6
with undefined histology. Focal accumulation was also
seen in the patients with other diagnoses including those
with lung abscess, active tuberculosis and bacterial pneu-
monia but was not seen in those with fibrosis. False-
negative results were noted in those with central tumours
or with a tumour <2 cm in diameter. Overall, the scans
had a sensitivity of 90%, a specificity of 45% and an
accuracy of 85% for the diagnosis of cancer.

A second study using the same MoAb (FO23C5)
F(ab’), was carried out in 41 patients with known or
suspected primary lung cancer (Torres et al. 1991). Pa-
tients were divided into 3 groups. In group 1 were 10 pa-
tients with undiagnosed pulmonary masses (3 patients
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eventually were found to have abscesses and 1 a neurofi-
broma; the other 6 had cancer). In group 2 were 22 pa-
tients with bronchoscopically confirmed lung cancer,
and in group 3 were 9 patients undergoing follow-up
after surgical resection of their lung cancer. Of the pa-
tients with malignancy, 23 had squamous carcinoma,
4 adenocarcinoma, 4 small cell carcinoma and 3 large
cell carcinoma, MoAb scanning identified 5 of 6 cancers
in group 1 but was also positive in 1 patient with an
abscess. Fifteen of the 22 patients (68%) in group 2 who
had known carcinoma were identified by MoAb imag-
ing, and in group 3 5 of the 6 patients with intrathoracic
recurrence following surgery were correctly identified.

lodine-131-labelled antibodies to vasopressin-associated
human neurophysin

Human neurophysins (HNP) appear to be produced and
secreted by the tumours of approximately two-thirds of
patients with small cell carcinoma. Vasopressin-associat-
ed HNP (VP-HNP) occurs as a tumour-associated prod-
uct in approximately 44% of small cell carcinomas. In
one study, highly specific rabbit polyclonal '*!I-labelled
antibodies to VP-HNP were used in the immunoscintig-
raphy of neurophysin-secreting tumours (North et al.
1989). Six patients with suspected small cell carcinoma
who had been previously screened and found to have
evidence of raised serum levels of HNP were imaged
with '3'I-VP-HNP. Five patients had active tumour,
and one patient was in remission as judged by clinical,
chest radiographic and CT criteria. All 5 patients with
tumour had positive scans; in 1 of these patients, in
addition to intrathoracic accumulation of radiotracer,
confirmation of an adrenal metastasis previously de-
tected by ultrasound was seen with this technique. The
single patient in remission demonstrated no accumula-
tion of radiotracer.

lodine-123-labelled somatostatin analogue

Somatostatin receptors have been characterised on biop-
sies from patients with small cell carcinoma of the lung
and also on small cell tumours grown in athymic nude
mice. 123I-Tyr-3-octreotide, a radiolabelled somatostatin
analogue, was used to image 11 patients with lung can-
cer: 8 had small cell tumours, 2 had “Askin” tumours
with small cells (these tumours are like small cell carcino-
mas and are thought to arise from neuroendocrine tis-
sue), and 1 patient had a squamous cell carcinoma and
a co-existent bronchial adenoma (Kwekkeboom et al.
1991). Of 8 patients with small cell carcinoma, the tu-
mour was identified in 5 using !?3I-Tyr-3-octreotide, and
in 2, unexpected metastases were also seen. Three pa-
tients with small cell carcinoma had negative scans; in
1 extensive tumour necrosis was found following radio-
therapy. Accumulation was seen in only 1 of the 2 Askin

small cell tumours and not in the patient with squamous
cell carcinoma and adenoma.

Although only a preliminary study with small
numbers of patients, these data suggest that this is a
promising technique for the identification of small cell
carcinoma in the lung and even its metastases. By label-
ling Tyr-3-octreotide with a f-emitter, tumour sites may
theoretically be targeted with tumour-specific radiother-

apy.

Mucociliary clearance

The investigation of mucociliary clearance by the lungs
may be achieved by the use of radiolabelled aerosols.
Monodisperse, non-hydroscopic aerosols of MMAD >
5 pm are used. This size of aerosol particle means that
deposition occurs mainly in the ciliated tracheobronchial
tree. Conventionally, **®Tc-labelled microspheres of al-
bumin, polystyrene or Teflon particles are used. Follow-
ing inhalation, the tracheobronchial clearance in normal
subjects is largely complete within 4-6 h, but there is
considerable intersubject variation. The measurements
of clearance may be improved by ‘“normalising” data
using a penetration index derived from a 8'™Kr ventila-
tion scan (Agnew ct al. 1986).

Several disease processes reduce the rate of mucocili-
ary clearance, including chronic bronchitis, asthma, cys-
tic fibrosis and influenza (Camner 1980; Pavia 1984).
Physiological factors such as sleep and increasing age
also reduce the rate of clearance. Using inhaled radiola-
belled aerosols, improved mucociliary clearance by
drugs including f,-agonists such as salbutamol and
theophyllines has been demonstrated (Pavia 1984); no
effect on clearance was demonstrated by inhaling 15-(.S)-
hydroxyeicosatetraenoic acid, and therefore the reduc-
tion in clearance in asthma is thought not to be by this
mechanism (Lai et al. 1991). The effects of deep cough-
ing and physiotherapy may also be assessed (Rossman
et al. 1982; Sutton 1984).

Other methods, which are more generally available,
involve the inhalation of labelled colloids. These tech-
niques have assessed the kinetics of mucociliary clear-
ance over a 24-h time period with both quantitative
(Merrina et al. 1991) and qualitative analysis using cine-
scintigraphic analysis (Isawa et al. 1990).

Lung permeability

The alveolar-capillary interface provides a huge surface
area susceptible to damage by microbiological, chemical
or physical agents. Two main approaches are available
to assess this interface:

1. The epithelial component (which represents the main
barrier to the transfer of molecules) may be assessed
by studying the flux of solute from the airspace into
the blood.



2. The endothelial component which may be assessed
by measuring the flux of solute from the blood into
the interstitium, lymphatics and airspace.

It is possible to measure the integrity of the epithelial
membrane by the administration into the airspaces of
radiolabelled solutes; the rate of removal is measured
either with scintillation probes or a gamma-camera.
These data may then be expressed either as a half-time
of clearance or as a rate constant (the gradient of the
transfer/clearance curve). Disagreement continues over
whether or not a background correction is necessary
and the exact method of this correction (Coates and
O’Brodovich 1986; Langford et al. 1986a; Oberdorster
et al. 1986; Jones and McAteer 1990).

All these methods rely on the generation of an aerosol
containing small particles (with MMAD of approxi-
mately 1 um). This is used to deliver the molecule under
consideration to the respiratory bronchiole/alveolar re-
gion. Increasing the size of the inhaled molecule, for
example by using !13™In transferrin instead of °°™Tc-
DTPA, slows the half-time of transfer (Huchon et al.
1987). Changing the charge on the molecule alters the
transfer and permits the assessment of the degree of
damage due to different lung pathologies (Barrowcliffe
et al. 1990). Most of the studies that examined lung per-
meability have used *°™Tc-DTPA, which has a monoex-
ponential removal pattern from the airspace. This rate
of clearance is faster in smokers than non-smokers, indi-
cating an increased lung permeability (Minty et al. 1987).

Many factors affect the rate of removal. Removal
may be increased by increasing the lung volume (Egan
1980; Marks et al. 1985; Woolman et al. 1987), exercise
(Lorino et al. 1989), high oxygen concentration (Griffith
et al. 1986) and positive end expiratory pressure (Nolop
et al. 1987a; Barrowcliffe et al. 1989). This variability
therefore leads to difficulties in applying the test in the
study of certain clinical disorders. There are, however,
a wide variety of conditions that result in fast transfer
either affecting the whole lung or regional changes. The
upper lobes normally have a faster transfer than the
lower (O’Doherty et al. 1985), which has been illustrated
using functional imaging (O’Doherty et al. 1986).

In a number of pathological conditions, this apical
basal gradient is, however, affected such that in patients
with systemic sclerosis (Chopra et al. 1979), haemophi-
liacs with HIV (O’Dobherty et al. 1990) and patients with
chronic lymphatic leukaemia (O’Doherty et al. 1986) the
basal transfer is faster than the apical transfer. Various
toxic substances including fumes inhaled by firemen
(Minty et al. 1987), oral amiodarone (Terra-Filho et al.
1990) and cytotoxic agents (O’Doherty etal. 1986;
Minty et al. 1987) cause a diffuse increase in transfer.
There is, therefore, a possible role in the assessment of
damage and response to treatment in drug-related dis-
orders and the inhalation of toxic substances with this
method.

While the transfer curve is normally monoexponen-
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tial, even in a number of diffuse Iung disorders, i.e. sar-
coid (Dusser et al. 1986) and cardiogenic pulmonary oe-
dema (Mason et al. 1985), in certain other clinical condi-
tions it has been found to be multiexponential, i.e. adult
respiratory distress syndrome (Barrowcliffe et al. 1989),
infant respiratory distress syndrome (Jefferies ct al.
1984), fibrosing alveolitis (Pantin et al. 1984), PCP and
Legionella preumophila infection (O’Doherty et al. 1989;
Robinson et al. 1991; Van der Wall et al. 1991). This
multiexponential appearance is assumed to represent
multiple areas throughout the lung with varying degrees
of damage. The measurement of ***Tc-DTPA transfer
has proved to be useful in the assessment of breathless
HIV-antibody-positive patients with suspected PCP
(O’Doherty etal. 1987, Leach etal. 1991; Robinson
et al. 1991; Van der Wall et al. 1991) and may be more
sensitive than ®’Ga scanning for diagnosing this condi-
tion (Picard et al. 1987). It may also be of use in the
evaluation of the breathless renal transplant patient
(O’Doherty et al. 1991), although more work is neces-
sary to evaluate this.

Although there are a large number of conditions
which result in an abnormal transfer of ?*Tc-DTPA,
a well-defined clinical role (other than the assessment
of the HIV-positive patient) has yet to be established.
There is no doubt that the studies of permeability are
advancing the understanding of the alveolar capillary
interface in lung injury and will play a role in the moni-
toring of therapies used to treat alterations in the func-
tion of this interface.

The assessment of the endothelium has until recently
been performed using scintillation probe systems and
the monitoring of !!*In-transferrin efflux from the vas-
cular compartment. Keegan et al. (1989) demonstrated
that the measurement can be performed using a gamma-
camera and that regional information is available with
this method. This group also demonstrated that one of
the problems with using single probes for this measure-
ment is to make the repositioning of the probe over
the lung field of interest and over the heart reproducible,
which is necessary for the measurement. The method
generally in use is adapted from that of Gorin (Gorin
etal. 1978, 1980) and measures the accumulation of
'370n-transferrin in a lung region and compares this
with the **™Tc blood pool marker in the same region
and over the heart (acting as the blood pool marker).
The studies have mainly been confined to conditions
associated with dramatic endothelial leak, i.e. adult re-
spiratory distress syndrome (ARDS) (Basran et al. 1985;
Braude et al. 1985), but more recently have included pa-
tients with less clear-cut endothelial problems including
those on haemodialysis (Rocker et al. 1987) and those
who have received radiotherapy to the lungs (Campbell
et al. 1991). The problem with the method arises from
the use of two differing radionuclides of widely discre-
pant energies with variable cross-talk and the possible
varying attenuation in the highly abnormal lung studies
(which with increasing oedema will undoubtedly be
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changing). It is also possible that the accumulation of
transferrin is a result of direct uptake into migrating
neutrophils; these difficulties have yet to be resolved.

Despite these problems, the conventional use of the
113mIp-transferrin measurement in patients on the inten-
sive care unit and its response to treatment (Basran et al.
1985) may provide a means to observe the early effect
of various therapies. More recently, pulmonary vascular
permeability has been assessed using ®®Ga-transferrin,
showing that changes exist in patients with ARDS up
to 2 weeks after onset and during recovery (Calandrino
et al. 1988). The use of PET in this context is of interest
and should allow the evaluation of possible regional
changes occurring in other disease processes, with accu-
rate corrections for the extravascular tissue and water
accumulation of tracer.

Positron emission tomography

Application of PET to the study of pulmonary disease
has recently been reviewed (Schuster 1989). The major
advantage of PET studies is that the biological process
under review is imaged using a true tracer, that is a
molecule or compound that is itself biologically active.
The most common radionuclides used for PET images
are carbon-11, nitrogen-13, oxygen-15, fluorine-18,
neon-19 and gallium-68. Carbon, oxygen and nitrogen
are the constituents of most organic compounds and
as such can be incorporated into the active product,
and the other agents may be attached to compounds
already in use in nuclear medicine, for example, *4Ga
attached to microspheres or to transferrin. Use of PET
scanning permits the investigation of several physiologi-
cal processes (Table 6).

Despite the lung appearing to be the ideal organ for

PET imaging, the range and variety of pulmonary stu-
dies using PET are limited. The potential advantages
of PET imaging which make it particularly attractive
for the lung include:
1. Radioactive gases used to image ventilation are those
of normal air, i.e. 130,, 1*CO,, °Ne, and the agenis
used to image perfusion are either water or labelled hae-
moglobin.

Table 6. Physiological processes that may be studied by PET

Pulmonary blood flow
Ventilation
Ventilation/perfusion relationships
Vascular permeability
Metabolic functions — Glucose metabolism
— Drug metabolism
— Drug and hormone receptor physiology
— Tumour imaging (receptor/blood flow)
Lung density
Extravascular lung water
Intrathoracic blood volume

2. Tissue concentration and localisation of tracers may
be determined accurately and quantitatively.

3. Use of agents with short half-lives permits repeat stu-
dies to be performed with moderate radiation dosimetry
to the patient.

Problems associated with PET scanning include log-
istical ones: coordinating the timing of the scan, the
production of short-lived compounds and also keeping
breathless patients immobile for sufficient periods to fa-
cilitate data acquisition. More serious problems arise
from quantitation, in particular: repeat studies compar-
ing “like” regions, the models used for obtaining quanti-
tated results and the resolution of the equipment.

Positron-emitting compounds may simply be used to
provide (a) an image to be interpreted, (b) semi-quanti-
tative data, for example using pulmonary lesion to mus-
cle ratios in tumours (Kubota et al. 1990), or (c) kinetic
data, which often requires invasive blood sampling. It
is the last aspect which is currently providing the most
interest, but it is important to remember that the results
are determined by the accuracy of the model employed.

PET has been applied to the study of a variety of
lung diseases and also to normal physiology. In the nor-
mal lung, applications have included the measurement
of lung density, lung water and blood volume (Rhodes
et al. 1981; Schuster and Marklin 19864a) and also extra-
vascular lung density in smokers and non-smokers (Bru-
din et al. 1987).

Acute lung injury

This has been studied by measuring the vascular perme-
ability, extravascular lung water and regional blood flow
(Wollmer et al. 1984 ; Schuster and Marklin 1986b; Ca-
landrino et al. 1988). Kaplan et al. studied the pulmo-
nary vascular permeability and extravascular density us-
ing PET and ¢”Ga-transferrin. They found that although
the extravascular density and pulmonary vascular per-
meability were increased in both ARDS and pneumonia,
in congestive cardiac failure the pulmonary vascular per-
meability was normal, and so it could be used to discrim-
inate this condition from non-cardiac pulmonary oede-
ma (Kaplan et al. 1991).

Chronic lung disease

Chronic lung disease and its effects on blood volume
(Wollmer et al. 1984) and ventilation/perfusion relation-
ships (Brudin et al. 1987; Valind et al. 1987) have also
been studied. There are problems with using these short
half-life gases for quantifying the regional ventilation
in abnormal lungs. A non-uniform distribution of gas
flow will result in an underestimation of the regional
ventilation.



Lung metabolism

Assessment of the lung as a metabolic organ in both
health and disease has been studied using '®F-deoxyglu-
cose (FDG) (Nolop et al. 1987b) and !C-L-methionine
{Kubota et al. 1988). The use of labelled drugs to investi-
gate their binding in the lung in now possible. *#F-capto-
pril has been studied in rats (Hwang 1991). This may
provide a way of probing the angiotensin converting
enzyme activity in the human lung in various disease
states.

PET scanning to image lung cancers

The role of CT scanning for the diagnosis of lung tu-
mours in the thorax is well established, and as an imag-
ing modality it permits mainly morphological assess-
ment; the addition of contrast media enables a limited
evaluation of the lesion’s vascularity. *8F-FDG has been
shown to accumulate in malignant tumours (Som et al.
1980). A degree of contrast is observed because the FDG
uptake in the lung parenchyma and mediastinal struc-
tures is fairly low compared with tumours. PET allows
metabolic-dependent imaging, and a quantitative analy-
sis of the tracer uptake can be used to classify the etabol-
ic activity of a tumour. This information may be used
in direct correlation with morphological information
from CT scanning. Knop has shown (Knop et al. 1989)
an intense uptake of FDG in a tumour 60 min post injec-
tion. This may permit the reliable differentiation of
malignant from benign lesions. In a study comparing
FDG PET and CT, PET correctly identified 53 of
54 malignant lesions and 10 of 11 benign lesions. In ad-
dition, it correctly discriminated between the malignant
and benign conditions (Knop et al. 1989). Similar results
were obtained by Kubota et al. (1990) who obtained a
greater than 83% sensitivity for the diagnosis of malig-
nant intrathoracic lesions.

Conclusions

Nuclear medicine potentially has a major role in the
future for respiratory medicine.

1. The lung provides a large surface area directly ex-
posed to the atmosphere and contains an ample blood
supply; both may theoretically be utilized to deliver
drugs directly to the systemic circulation.

2. Agents that accumulate specifically in tumour celis
are being developed for both imaging and therapy (either
tumour-specific local chemotherapy or radiotherapy).

3. The use of molecules with different sizes and
charges will provide additional information about the
alveolar-capillary interface and the effects of disease and
therapy on this interface.

4. PET imaging used to study lung metabolism, pul-
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monary blood flow, ventilation and epithelial permeabil-
ity provides perhaps the most exciting challenge for nu-
clear medicine.
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