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ABSTRACT: Intravenous injection of complete Freund9s adjuvant (CFA) in rats has
been proposed as an experimental model for pulmonary sarcoidosis, but only some
animals develop granulomas. Because the detection of the presence of granulomas and
evaluation of the extent of the reaction has required histological evaluation, this model
has been of limited use in following the evolution of the granulomatous process.

The present study evaluated the ability of lung computed tomography (CT) scanning
to identify in vivo pulmonary granulomas induced by CFA in rats. Wistar rats were
injected with CFA to induce pulmonary sarcoid-like granulomas, and the presence and
extent of pulmonary abnormalities, as detected by spiral CT and histopathological
analysis, were compared.

Spiral CT had a high sensitivity and specificity for the detection of sarcoid-like
granulomas in rats injected with CFA. The extent of the pulmonary granulomatous
reaction as assessed by the two techniques strongly correlated (r=0.93, pv0.01). In
contrast, the mean density of lungs containing granulomas was not significantly
different from that of lungs with no granulomatous reaction.

Thus, lung computed tomography appears to be a valuable tool for the in vivo
evaluation of the pulmonary granulomatous reaction induced by complete Freund9s
adjuvant in rats. With the help of computed tomography, this experimental model
should be suitable for the sequential study of pulmonary sarcoid-like granulomas,
particularly in response to various therapeutic strategies.
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Xavier Bichat, Paris, France, #Labora-
toire d9Imagerie Médicale Paris-Nord,
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Pulmonary involvement is one of the most common
features of sarcoidosis and can lead to severe pul-
monary fibrosis in some patients [1, 2]. Considerable
effort has been made to better understand the
steps involved in the development and resolution of
immune granulomas, the structures responsible for the
destruction of normal lung tissue in this disease [3–5].
The lack of an appropriate experimental model for
sarcoidosis, however, has hampered the sequential
study of the granulomatous reaction, and currently,
little is known concerning the factors that determine
whether granulomatous lesions progress or heal
spontaneously [3, 4].

Intravenous injection of complete Freund9s adjuvant
(CFA) in rats has been found to induce sarcoid-like
reactions [6]. Noncaseating granulomas containing
epithelioid and giant cells surrounded by lymphocytes,
which closely approximate those observed in human
pulmonary sarcoidosis, are observed in subpleural and
peribronchovascular areas of the lung of injected
animals [6]. For unknown reasons, however, the
extent of the pulmonary granulomatous reaction has
been found to be quite variable, even when congenic
animals are evaluated in the same experiment, and

some animals develop only moderate cellular infiltra-
tion without granuloma formation [6]. Because it was
not possible to predict which animals had developed
granulomas without sacrificing the animals and
examining the lung parenchyma, this model has had
major limitations in studies designed to evaluate the
evolution of the granulomatous process, particularly
in response to various treatments.

Computed tomography (CT) of the lungs is a very
sensitive method for detecting the lesions of pulmo-
nary sarcoidosis [2, 7–10]. The most frequent features
observed are irregular thickening of bronchovascular
bundles and small nodules distributed along vessels
and under the pleura [2, 7–10]. Correlations with lung
histopathology have demonstrated that these radiol-
ogical abnormalities correspond to granulomas pre-
sent in the connective tissue sheaths surrounding
pulmonary vessels and airways and in the subpleural
regions of the lung [11]. In this context, the purpose of
the present study was to evaluate the ability of CT to
detect the development of pulmonary sarcoid-like
granulomas in rats injected with CFA. To do so, the
results of lung CT were correlated with pulmonary
histopathological features of the same animals.
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Materials and methods

Eight male Wistar rats (300–350 g, Charles River,
St Aubin les Elbeuf, France) were provided food and
water ad libitum. To initiate studies, 0.20 mL of CFA
(Difco, Detroit, USA) was injected into the dorsal tail
vein on two successive days. Following these injec-
tions, once daily subcutaneous injections of vanco-
mycin (Lilly, St Cloud, France) were administered for
5 days (20 mg?kg-1?day-1). The experimental protocol
was approved by the University Animal Care and Use
Committee.

Evaluation of lung involvement by computed tomo-
graphy

Preliminary time course experiments have shown
that pulmonary sarcoid-like granulomas were well
developed 28 days after the injections of CFA, and
that the lesions were still florid on day 58. For
practical reasons, CT was performed 33 days after the
first injection of CFA.

To perform CT, rats were anaesthetized in a
cylindrical tube (1 L volume) by flushing the chamber
continuously at 5 L?min-1 with 1% Isoflurane (Abbot,
Queenborough, UK)/99% air. Following the proce-
dure (duration y10 min) all animals aroused spon-
taneously. The rats were not intubated and the
animals were evaluated while breathing spontane-
ously. Helical acquisitions were obtained using a
CT-Twin Scanner (Picker-Elscint, Haifa, Israel). This
dual-slice helical scanner permits the same volume of
tissue to be acquired in half the time required by a
single-slice scanner. Acquisitions were obtained from
the lung apices to the diaphragm as follows: collima-
tion of 1.1 mm, pitch of 1.5 (table-top speed of
1.5 mm?s-1), 120 kV and 266 mAs, 1-s scan time, scan
angle of 360u. The field of view was 180 mm, and the
matrix was 5126512, resulting in a resolution of
0.3560.3561 mm per voxel with acceptable signal-
to-noise ratio. For optimal nodule visualization,
images were reconstructed using a high spatial fre-
quency kernel and a 180 degree linear interpolation
algorithm. Helical images were reconstructed at 1 mm
intervals. The images were obtained at standard
window levels and widths for lung parenchyma
(level=-600 HU, width=1,600 HU). The CT scans
were reviewed by three observers unaware of patho-
logical findings and conclusions were reached by
consensus. Scans were assessed for the presence and
distribution of parenchymal nodules and the size of
the nodules (maximal diameter of the largest nodules)
as determined by caliper measurements on-screen or
manual measurements on film. To evaluate the extent
of lung abnormalities, both lungs were divided into
three areas (upper, middle and lower zone) and a score
was established based on the absence (0), or presence
(1) of nodules on each of the six lung CT slices
analysed for a given animal. Thus, for each rat, the
score could vary from 0 (no nodules on the six lung
CT slices analysed) to 6 (presence of nodules on all six
lung CT slices). Lung involvement was considered as
patchy (score 1–3) or diffuse (score 4–6). The mean

lung density was also determined as previously
described [12]. Briefly, the entire right and left lungs
were outlined separately and the average CT attenua-
tion values were recorded for each region.

Processing of the lungs and morphological assessment

All rats were sacrificed immediately after CT
scanning (mean¡SD weight 437.9¡14.9 g). After
receiving an intraperitoneal injection of 0.4 mL of
pentobarbital (Sanofi, Libourne, France) per 300 g of
body weight, anaesthetized animals were exsangui-
nated. The anatomy of the right and left lungs of the
rat are different: the right lung is composed of three
main lobes (superior, middle and inferior) and one
minor lobe lying above the diaphragm, whereas the
left lung has a single lobe. The three major right lobes
were separated and the left lung was divided into three
pieces of approximately equivalent size. The diaphrag-
matic lobe was not studied because of its small size.
Lung fragments were immediately frozen and stored
in liquid nitrogen until use for morphological assess-
ment. Histopathological features of the frozen lungs
were evaluated using 4 mm cryostat sections of each
lobe stained with haematoxylin and eosin. The lobes
were sliced in the transverse plan to correspond as
closely as possible with the CT slices. Lung sections
and CT images were examined in a blind fashion. All
the tissue sections were examined for each animal. A
histological score was defined according to the
presence (1) or absence (0) of granulomas on each of
the six lung tissue sections examined. For each rat, the
score could vary from 0 (no granuloma in any tissue
section) to 6 (presence of granulomas in all the six
lung sections). The granulomatous reaction was
graded as follows: no granulomas, localized reaction
(score 1–3), diffuse reaction (score 4–6). Complete
agreement in scoring was obtained between two
independent observers.

Statistical analysis

All data are expressed as mean¡SD. The sensitivity
and specificity of spiral acquisitions to detect pul-
monary sarcoid-like granulomas were evaluated by
comparing the results to those obtained by histo-
logical evaluation. The extent of the pulmonary
granulomatous reaction was correlated to the extent
of lung abnormalities on CT scan using k statistics
(1–0.81 excellent; 0.8–0.61 good; 0.6–0.41 moderate;
0.4–0.21 poor; v0.2 bad) [13]. Quantitative radiolo-
gical and histological scores were also correlated using
Spearman9s test; a pv0.05 was considered significant.

Results

Detection by computed tomography scan of sarcoid-
like pulmonary granulomas in rats injected with
complete Freund9s adjuvant

Lung CT demonstrated the presence of subpleural
or peribronchovascular nodules in 6/8 of the animals
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examined. These nodules ranged in size from 0.4–
0.8 mm in diameter (fig. 1). The distribution of pul-
monary nodules was similar comparing the upper
and lower parts of the lungs, but they were more
frequently observed in the right lung.

Histological evaluation of lung tissue also demons-
trated the presence of granulomas in the lungs of 6/8
rats. These lesions were very similar to those observed
in the course of human sarcoidosis. The granulomas
were composed of a central core of macrophages,
epithelioid cells and giant cells surrounded by
lymphocytes, and they were essentially only found in
subpleural and peribronchovascular regions (fig. 1).
The size of lung granulomas varied from 0.1–0.5 mm
diameter. In all cases, granulomas of different sizes
were observed at different sites in the lungs of a
particular rat.

Results of CT scans were in concordance with those
of lung histopathology. In particular, no pulmonary
nodules were detected by CT in the lungs of rats that

were found not to contain granulomas after extensive
microscopic examination of lung tissue. Thus, the
sensitivity and the specificity of CT for the detection
of the presence of lung granulomas were both 100%.
In contrast, measurement of mean lung density was
not different comparing rats that developed pulmo-
nary sarcoid-like granulomas and those which did not
(-563¡12 HU and -567¡72 HU, respectively).

Accuracy of lung computed tomography scan to
evaluate the extent of the granulomatous reaction in
rats injected with complete Freund9s adjuvant

It can be useful to evaluate the extent of the
granulomatous reaction sequentially in the same
animal in response to various therapeutic strategies.
Therefore, it was important to determine whether the
results obtained by CT reliably reflected the extent of
lung infiltration by the granulomatous reaction. To do

a)

c) d)

b)

Fig. 1. – Evaluation by dual helical lung computed tomography (CT) of pulmonary sarcoid-like granulomas induced by complete Freund9s
adjuvant (CFA) in rats. Lung CT from two rats injected with CFA: a) normal lung CT and b) presence of pulmonary nodules.
Photomicrographs of lung parenchyma from the same rats stained with haematoxylin and eosin: c) moderate cellular infiltration without
granulomas and d) typical sarcoid-like granulomas. The lungs were not inflated prior to fixation, and atelectatic areas are present.
Original magnification6125.
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so, the extent of pulmonary nodular infiltration as
assessed by CT and histopathological examination
were compared. At light microscopy, the granuloma-
tous response was absent in two animals, localized in
three animals and diffuse in the three others; whereas,
pulmonary nodular infiltration on CT scans was
absent in two animals, patchy in four rats and diffuse
in the remaining two (table 1, k=0.82). Furthermore,
despite the small number of animals studied, a
correlation was observed between the radiological
and histological scores evaluating the profusion of
changes in the rats9 lungs as assessed respectively by
CT and light microscopy (r=0.93, pv0.0l). In contrast,
mean lung density was not correlated with the extent
of the granulomatous reaction as assessed by histo-
pathology (no granulomas: -563¡12 HU; localized
granulomatous lung infiltration: -614¡58 HU; diffuse
granulomas: -521¡52 HU).

Discussion

In this preliminary study, it has been shown that: 1)
dual-helical CT was highly sensitive and specific for
the detection of sarcoid-like granulomas in the lungs
of rats injected with CFA; 2) there was a tight cor-
relation between light microscopy and CT for the
evaluation of the extent of the granulomatous reaction
in the lungs of these animals; and 3) the global
measurement of mean lung density was not useful for
the evaluation of pulmonary granulomas.

Few reports are available concerning the use of
pulmonary CT in animals. Most of these studies have
used high-resolution CT to evaluate pigs in different
pathological situations [14–17]. In this setting, the
radiological abnormalities observed correlated well
with the underlying histopathological features present
in the lungs [14–17]. Less data are available concern-
ing the use of lung CT in smaller animals, for which
spatial and contrast resolution are limited. Lung CT,
however, has been performed in rats for the evalu-
ation of radiation-induced lung injury, but only lung
density was considered, and radiological patterns were
not precisely described [12, 18, 19]. In the present
study, it was demonstrated that dual-helical lung CT
is efficient for the detection of pulmonary sarcoid-like
granulomas in the rats injected with CFA. The
technique used here showed the presence of pulmo-
nary nodules in all animals that had pulmonary

granulomas at the light microscopic level and it was
also specific. Furthermore, although the number of
animals studied was small, the results also suggest that
data obtained by CT accurately reflect the extent of
pulmonary granulomatous reaction induced by CFA.

Despite the high sensitivity of the CT scan technique
used for the detection of pulmonary sarcoid-like
granulomas in the present study, some limitations
were encountered for the precise description of lung
involvement. One limitation was the blurring of
nodules because of respiratory and cardiac motion
artefacts. Respiratory motion artefacts were, however,
attenuated by the dual-helix. Artefacts due to res-
piration have previously been found not to signifi-
cantly modify the detection of lung metastases in dogs
using spiral CT [20]. Acquisition during spontaneous
respiration can also produce patchy areas of appar-
ently increased density. Thus, it was not possible to
quantify "ground-glass" opacities resulting from areas
of inflammation associated with the granulomatous
response.

It has previously been shown that cardiac motion
artefacts on spiral CT affect almost exclusively the
lingula and lower lobe segments, those in close contact
with the left ventricle [21]. This caveat was not
important here because granulomas were not localized
to a small region of the lungs, thereby permitting the
evaluation of regions undisturbed by cardiac motion.

Another limitation was the difficulty in determining
the precise anatomical localization of the nodules
detected by CT. Localization is greatly facilitated by
the identification of lung fissures. In the rat lung,
however, the left lung is not segmented by fissures,
and the fissures of the right lung were not always seen
on CT, thus depriving the reader of these anatomical
markers.

Measurement of the mean lung density has pre-
viously been used to study radiation induced lung
injury in rats [12, 18, 19]. This index, however, is
relatively crude and results can be influenced by many
factors, including the lung area scanned and the age of
the animal [22]. Here, it was found that mean lung
density was not a good parameter to distinguish rats
that developed lung granulomas in response to CFA
from those that did not. The acquisition of the scans
during spontaneous respiration might have introduced
some bias in the measurement of lung density.
Alternatively, it is possible that even when pulmonary
granulomas are present diffusely, the overall surface
of the lungs occupied by the small nodules is not
sufficient to modify the mean lung density.

In summary, results of this preliminary study
clearly demonstrate that it is possible to analyse
pulmonary parenchyma of rats with computed tomo-
graphy and to detect pulmonary nodules by dual
helical computed tomography in these small ani-
mals. This technique should be useful in the evalu-
ation of experimental models of lung diseases that
result in the formation of discrete parenchymal
lesions. In particular, the presented findings suggest
that it may be useful to sequentially study animals
with established sarcoid-like granulomas, thereby
permitting the evaluation of the effects of various
potential therapeutic strategies. The identification of

Table 1. – Correlation between results of lung computed
tomography (CT) scans and histological evaluation for the
assessment of the extent of the pulmonary granulomatous
response induced by complete Freund9s adjuvant in rats*

Nodules on lung
CT scan

Pulmonary granulomas at
light microscopy

Absent Localized Diffuse

Absent 2 0 0
Patchy 0 3 1
Diffuse 0 0 2

*: k=0.82 for the concordance between the two methods.
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therapies that accelerate the resolution of established
granulomatous lesions could prove useful in the
treatment of patients with sarcoidosis.
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