
Cis-4-[18F]Fluoro-L-Proline PET Imaging of
Pulmonary Fibrosis in a Rabbit Model
William E. Wallace, PhD1; Naresh C. Gupta, MD2; Ann F. Hubbs, DVM, PhD1; Samuel M. Mazza, PhD2;
Harry A. Bishop, MD2; Michael J. Keane, MS1; Lori A. Battelli, BS1; Jane Ma, PhD1; and Patricia Schleiff, MS1

1National Institute for Occupational Safety and Health (NIOSH), Centers for Disease Control and Prevention (CDC), Morgantown,
West Virginia; and 2West Virginia University PET Center, Morgantown, West Virginia

A fluorinated analog of proline amino acid, cis-4-[18F]fluoro-
L-proline (FP), was tested for potential use in PET for detec-
tion and evaluation of pulmonary response to respirable crys-
talline silica. The purpose of the study was to determine
whether PET imaging with FP is sensitive for detection of
pulmonary fibrosis. Methods: Experimental silicosis was pro-
duced in rabbits by airway instillation of 300 mg respirable
silica in 0.9% sterile saline; control rabbits received only
saline. After 1, 2, 4, or 5 mo, animals were injected with 37
MBq (1 mCi) FP, and imaged in sets of 2 to 3 in a PET scanner
using a dynamic scanning protocol over a 3-h period. Each
imaging set contained at least 1 control rabbit. FP uptake in
each lung was scored from 0 to 5 (PET score) by consensus
of 3 readers blinded to animals’ exposure status. Animals
were humanely killed 2 d after the last imaging, and tissue
sections from each lung lobe were graded from 0 to 5 by
histopathology examination (histopathology score) for sever-
ity and distribution of fibrosis. Results: Silicotic animals had
significantly higher (P � 0.05) PET scores at each time
point than did control animals. Repeated-measures ANOVA
showed significant differences in PET scores between sili-
cotic and control animals for the total lung field, but there
were no statistically significant time trends for either group.
Presence of fibrosis (i.e., histopathology score � 1) showed a
significant association with elevated PET score (i.e., PET
score � 1) using Fisher’s exact test (P � 0.05). PET scores
also showed excellent predictive ability, as all animals (18/18)
with fibrosis also had elevated PET scores, and 95% (18/19)
of animals with PET scores � 1 showed evidence of fibrosis.
Localization of activity to specific lung areas was less exact,
perhaps due in part to the small animal size for the resolution
of the clinical PET imager used. PET scores were elevated
(�1) for 67% (10/15) of silicotic right lungs and 75% (12/16)
of silicotic left lungs; fibrosis scores � 1 were measured in
91% (10/11) of right lungs with PET scores � 1, and in 92%
(12/13) of such left lungs. Conclusion: The FP tracer pro-
vided sensitive and specific identification of silicotic animals
in early stages of the disease. This suggests that FP PET
imaging has the potential sensitivity to detect active fibrosis
in silicosis and other lung diseases. Additional studies are

needed to determine the specificity of the FP tracer for fibro-
sis versus inflammatory processes.
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Occupational pneumoconioses were responsible for
over 3,000 deaths in the U.S. in 1996 (1). Silicosis, one of
the pneumoconioses, continues to plague workers in some
occupations, e.g., surface mining, despite occupational ex-
posure regulations and the availability of exposure preven-
tion measures (2). PET uses radiopharmaceuticals to pro-
duce images of metabolic activity and so offers the
possibility for detection of early biochemical changes that
occur in pneumoconioses. This could permit earlier detec-
tion, more timely direction of preventative actions, and
more rapid and definitive grading and therapy evaluation for
management of advancing stages of the disease than are
afforded by chest radiography (3).

Even when clinical indications of pulmonary fibrosis are
minimal, excess collagen is found in the alveolar wall in
early disease, over a background of ongoing equilibrium of
collagen synthesis and degradation (4–6). Increased lung
hydroxyproline content is associated with development of
silicotic nodules in rat lung, with increased rates of collagen
synthesis seen within 2 wk of a single silica dust challenge
(7–10). Incubation of embryonic cartilage with cis-4-fluoro-
L-proline leads to incorporation of the analog in place of
proline into an abnormal protocollagen and subsequently
into abnormal collagen, which is retained intracellularly and
not extruded into the extracellular matrix (11).

Thus, positron-emitter analogs of proline, [11C]-L-proline
or [18F]fluoro-L-proline, may be accumulated in association
with active fibrosis in pulmonary tissue. Wester et al.
(12) measured the kinetics of in vivo uptake of cis- and
trans-4-[18F]fluoro-L-proline in mice bearing osteosarco-
mas, using �-counting of necropsied tissue from animals
killed between 5 min and 4 h after tracer injection. After
2 h, 70% of the activity of extracted cis-isomer was
protein-bound, indicating that isomer may be suitable for
evaluation of abnormal collagen synthesis. PET imaging for
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in vivo pulmonary physiology and biochemistry studies has
been reviewed (13–15). Traditional PET imaging using
2-[18F]fluoro-2-d-deoxyglucose (FDG) as a tracer for glu-
cose utilization has been found to be useful in characterizing
chest tumors based on their level of metabolic activity, with
a high degree of accuracy in differentiating benign from
malignant pulmonary nodules. Glucose uptake is elevated in
malignant tissue, and also in some active inflammatory
processes (16,17). In a clinical study of PET imaging of the
lung using [11C]-L-methionine for tumor detection, an image
of a large silicotic nodule was obtained and presumed to be
associated with increased protein synthesis (18).

The objectives of the current study were to determine if
PET imaging can detect heightened pulmonary uptake of
cis-4-[18F]fluoro-L-proline (FP) in the lungs of rabbits chal-
lenged with 300 mg crystalline silica instilled in the airway,
and to compare FP PET images with histopathology data on
the severity and distribution of fibrosis in lung necropsied
after completion of PET imaging. The rabbit is a well-
established silicosis animal model (19–21) with a large
enough lung field to be resolved by PET imaging, although
not large enough to clearly resolve PET features to smaller
areas such as individual lung lobes. This allows us to
address the first of two fundamental questions regarding the
use of FP PET imaging for detection or evaluation of
pulmonary fibrosis in an animal model: Is the rate of FP
uptake associated with the disease process sufficiently
above the background collagen synthesis rate to permit
detection of fibrosis by PET imaging?

MATERIALS AND METHODS

Silica Challenge
We used a modification of a previously described rabbit model

of unilateral silicosis (19–21). Specific-pathogen-free young adult
(2.6–3.8 kg) male New Zealand White rabbits (Covance, Denver,
PA) were anesthetized by intramuscular injection of ketamine and
xylazine. The arytenoid folds of the larynx were identified using a
pediatric laryngoscope, and an endotracheal tube was inserted into
the trachea. The anesthetized rabbit was then placed in right lateral
recumbency, and 1-mm tubing (Tygon; Saint Gobain Performance
Plastics, Wayne, NJ) was blindly passed through the endotracheal
tube until impedence was felt. Through the tubing, the airway was
instilled with either 300 mg of respirable crystalline silica (Min-
U-Sil; U.S. Silica, Berkeley Springs, WV) in 3 mL 0.9% sterile
saline as a vehicle (silicotic animals), or saline alone (control
animals). This localized the initial instillation to 1 lung lobe.
Subsequent animal cough and aspiration could redistribute the
silica between the lungs. Silicotic and control rabbits were ran-
domly assigned to 3 groups: (a) imaging and necropsy 1 mo after
instillation (9 rabbits); (b) serial imaging 1 and 2 mo after instil-
lation and necropsy 2 mo after instillation (9 rabbits); and (c) serial
imaging at 1, 2, 4, and 5 mo after instillation and necropsy 5 mo
after instillation (12 rabbits).

Preparation of PET Radiotracer
FP was prepared stereospecifically in a semiautomated system

using a quaternary 4-aminopyridinium resin to effect 18F fluorina-
tion (22). The p-tosyloxy moiety of N-t-butoxycarbonyl-trans-4-

p-tosyloxy-L-proline methyl ester was displaced with [18F]fluoride.
Then the carbamate moiety was hydrolyzed with dilute aqueous
HCl, and the methyl ester was hydrolyzed with dilute aqueous
NaOH. Finally, the pH was adjusted with phosphate buffer. Ra-
diochemical purity was �99%.

PET Imaging
At intervals of 1, 2, 4, and 5 mo after instillation, animals were

anesthetized with ketamine, xylazine, and acepromazine and in-
jected intravenously with 18.5–37.0 MBq FP. Two to three ani-
mals were injected and imaged simultaneously in a PET scanner
(Advance; GE, Wakeshaw, WI), with 1 control animal in each
imaging group to provide a direct comparison of animals and
imaging conditions, differing only in silica challenge. Transmis-
sion imaging was performed before the start of emission scanning,
using an external radiation source for tissue attenuation corrections
of emission data. This also provided for anatomical localization of
emission features by overlay of transmission and emission images.
PET scanning used a dynamic scanning protocol of 11 � 10 s, 5 �
20 s, 3 � 30 s, 3 � 5 min, 2 � 10 min, and 6 � 20 min, for a total
scanning time of 3 h. Static images from the last 20-min imaging
period were scored for FP uptake seen in transverse views of the
lungs, and only these data were statistically analyzed in the current
report. Activity was localized to the extent possible to right (R) or
left (L) lung or mediastinum, and anterior, posterior, superior, or
inferior locations in each lung by digital overlay fusion of the
emission images with transmission images using an image regis-
tration program. Figure 1 shows such cross-sectional lung images
(emission, transmission, and overlay images) from a silicotic rab-
bit; Figure 2 shows images from a control animal.

PET images were scored for intensity of FP uptake (PET score)
by consensus of 3 readers blinded to the identity of the control
animal. FP uptake intensity was scored from 0 (no discernable
uptake) to 5 (multiple areas of intense tracer uptake). Readers
viewed a complete set of 10 transaxial images from apex to the
base of the lungs and subsequently assigned PET scores to each
lung location.

In the first group of rabbits, 6 silicotic and 3 control animals
were imaged at 1 mo after instillation and then humanely killed for
histopathology examination (1 silicotic rabbit died after scanning
and was not necropsied.) In the second group of rabbits, 6 silicotic
and 3 control animals were imaged at 1 and 2 mo and then killed
for histopathologic evaluation. In the third group of rabbits, 4
silicotic and 4 control animals were imaged at 1, 2, 4, and 5 mo and
then killed for histopathologic evaluation (4 additional silicotic
rabbits died after scanning: 1 died at 1 mo, and 3 died at 4 mo after
instillation; the latter 3 were necropsied).

Additionally, to see if subjectively identified anomalies had
objectively measurable radioactivity levels above background, ab-
solute uptake values of radiotracer activity per unit volume (Bq/
mL) were calculated for lesion and background areas in 4 silicotic
and 2 control animals at 30, 60, 120, and 150 d, and for 2 silicotic
and 1 control animal at 30, 60, and 120 d by region of interest
analysis. In silicotic animals with PET scores � 1, the radiotracer
uptake indices (activity/unit volume) for a primary lesion were
compared with the background uptake score from a contralateral
lung area.

Histopathological Examination
To minimize radiation exposure of laboratory personnel, lungs

were collected for histopathology 2 d after PET scanning (with the
exception of 1 silicotic rabbit in the 1-mo group, which recovered

414 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 43 • No. 3 • March 2002



poorly from anesthesia and was humanely killed 1 d after scan-
ning). This 2-d wait for necropsy should result in insignificant
changes in histopathology scores for animals instilled with silica at
least 1 mo previously. Rabbits were killed by intravenous injection
of an overdose of sodium pentobarbital; this was followed by
exsanguination. The lungs were then airway-perfused with 60 mL
of 10% neutral buffered formalin. Tissues were routinely pro-
cessed, paraffin-embedded, and sectioned at 5 �m. Optical micros-
copy examination was performed on hematoxylin and eosin and
trichrome stained sections from each lung lobe: R and L apical
(Ra, La), R and L cardiac (Rc, Lc), R and L diaphragmatic (Rd,
Ld), and the azygous lobe when present (az). Fibrosis was visu-
alized using trichrome staining for collagen detection. Figure 3
shows photomicrographs of lung tissue from a silicotic animal
displaying a silicotic nodule and from a control animal showing
normal pulmonary alveolar structure. Sections were scored for
fibrosis on a 0–5 scale for distribution and a 0–5 scale for severity
as previously described (23). Distribution was scored as follows:
focal � 1; locally extensive � 2; multifocal � 3; multifocal and
coalescent � 4; and diffuse � 5. Severity was scored as follows:
minimal � 1; mild � 2; moderate � 3; marked � 4; and severe �
5. For statistical analyses, an overall score (histopathology score)
was created for each lung lobe by adding the distribution and
severity scores. If either the severity score or distribution score
was �1, then the lobe histopathology score was set at 0 in
statistical analyses of the data.

Data Analysis
The following hypotheses were tested:
1. Animals instilled with respirable crystalline silica will have

higher pulmonary uptake of FP as observed by PET imaging than
control animals.

2. Animals with positive uptake of FP in the lungs and a PET
score of �1 will have a higher histopathology score overall and for
any location in the lung.

3. Animals with positive uptake of FP in the lungs and a PET
score of �2 will have a higher histopathology score overall and for
any location in the lung.

FIGURE 1. Transverse lung images of silicotic rabbit 120 d
after silica challenge. Emission image and transmission image
are overlaid to anatomically localize FP emission. Enhanced FP
uptake is seen in L lung and heart (bottom center). Animal spine
is at top; R lung is to R side. (PET scores and histopathology
scores for this animal are listed in Table 1, row 25.)

FIGURE 2. Transverse lung images of control animal 120 d
after saline challenge. Emission image and transmission image
are overlaid to anatomically localize FP emission. Enhanced FP
uptake is seen in heart (bottom center). (PET scores and histo-
pathology scores for this animal are listed in Table 1, row 18.)

FIGURE 3. Histopathology cross-sectional microscopy im-
ages of lung tissue from silicotic (A) and control (B) rabbit.
Control lung shows normal pulmonary alveoli with no thickening
of septa. Silicotic lung shows extracellular collagen (blue stain)
in a lung nodule. 1 cm � approximately 50 �m.
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4. In animals instilled with respirable crystalline silica, lower
PET scores will correspond to lower histopathology scores, and
higher PET scores will correspond to higher histopathology scores.

Statistical analyses, including the Wilcoxon rank-sum test,
Fisher’s exact test, and repeated-measures ANOVA, were performed
to compare histopathology scores determined by histopathology
examination with PET scores obtained by FP PET imaging. Sta-
tistical significance was achieved when the P value was �0.05.

For the first 3 hypotheses, an overall PET score was created by
adding all 3 PET scores of the R lung, L lung, and mediastinum.
For hypotheses 2–4, a final PET score was compared with the
histopathology score for each animal. The highest histopathology
score among the apical, cardiac, and diaphragmatic lobe scores for
each lung was assigned as the histopathology score for the R and
L lungs. For analyses of specific lung regions, a R lung PET score
was created by adding the scores for the R lung and mediastinum,
and a L lung PET score was created by adding the scores for the
L lung and mediastinum. This was done because of the resolution
of the PET images and small size of the animal lungs, which meant
that PET-imaged regions of radiotracer accumulation sometimes
could not be assigned to specific lobes within a lung; in particular,
there was some ambiguity in assigning features located near the
mediastinum. Additionally, some animals had an azygous lung
lobe, which arises from the R bronchus but resides near the midline
between the lungs. Therefore, the PET activities of the R lung or
mediastinal region were compared with the histopathology sec-
tions of the R lung and azygous lobes; and the PET activities of the
L lung or mediastinal region were compared with the histopathol-
ogy sections of the L lung and azygous lobes. For hypothesis 4, the
PET scores and histopathology scores were transformed into rank
values, and Spearman’s correlation coefficients were calculated to
determine whether lower PET scores correspond to lower histo-
pathology scores, and whether higher PET scores correspond to
higher histopathology scores in silicotic animals.

The association of a significantly elevated PET score (�1 or
�2) with histopathological evidence of significant fibrosis (histo-
pathology score � 1 for both distribution and severity), or the
sensitivity of PET imaging for the detection of fibrosis, was
determined for whole animals as the percentage of the animals
with a significantly elevated pathology score for any lung lobe that
also had a significantly elevated PET score anywhere in the lungs
(R lung, L lung, or mediastinum). This comparison was made also
for the individual R and L lung regions (when an azygous lobe was
present, it was considered a component of both lungs for statistical
purposes). The association of an absence of a significantly elevated
PET score with an absence of fibrosis, or the specificity of PET
imaging for the presence of fibrosis, similarly was determined for
whole animals and for R and L lung regions.

RESULTS

Table 1 presents the PET scores for each animal at each
imaging time including scores � 1 (if any) for R lung, L
lung, and mediastinum (M); and the histopathology
scores � 1 (if any) for each lung region. Histopathology
scores are given as severity/distribution for each lung lobe.
If either the severity or distribution score was �1, the scores
were not considered as clearly indicative of disease, and
were ascribed a value of 0 in the statistical analyses.

The results of testing the 4 hypotheses were as follows:
The overall lung region of silicotic animals exhibited sig-
nificantly higher uptake of FP, as scored on PET images,
compared with control animals. Animals with PET scores of
�1 had significantly higher histopathology scores overall,
for the R lung region, and for the L lung region than did
animals with lower PET scores. For silicotic animals, the
association between higher histopathology scores and
higher PET scores was statistically significant but not
strongly so.

All silicotic animals except 1 had PET scores � 1 at all
4 time points. The exception had a PET score of 0 at the first
time point (1 mo), which evolved into high scores (4.5) at
the 2 subsequent time points. All silicotic animals presented
significant fibrosis in at least 1 lung lobe on histopathology
examination. Among control animals, 1 animal had a PET
score of �1 (1.5) at the final imaging point (5 mo); and 1
animal had a score of 2.5–3 in the early time points, which
resolved to 0 at the final time point; all other control animals
had PET scores of 0 or 1 at all time points. On histopathol-
ogy, none of the control animals showed significant fibrosis
(distribution and severity � 1) in any lung lobe.

Figure 4 presents the median distribution with 25th and
75th quantiles of the additive PET scores for each silicotic
and control animal at each imaging time. There was signif-
icantly greater FP uptake in lungs of silicotic animals com-
pared with control animals. Wilcoxon rank-sum tests found
significantly higher uptake by silicotic animals at 1, 2, 4,
and 5 mo, with respective P values of 0.0001, 0.001, 0.02,
and 0.03. Considering that the animals were imaged in 3
batches, there was no significant batch effect on treatment
differences at each timed interval; all P values were �0.05.

Repeated-measures ANOVA of PET scores for the 8
animals that were imaged at all 4 time points showed clear
evidence of treatment differences for the whole rabbit (P �
0.0005), but not for the R lung (P � 0.05), L lung (P �
0.38), or mediastinum (P � 0.28). Over time, the silicotic
animals showed no significant increase in PET scores.

Table 2 shows the number of animals with each possible
combination of positive and negative PET scores and his-
topathology scores, tabulated for the whole animal and for
separate R and L lung regions. Histopathology scores with
both severity and distribution � 1 were considered positive.
Tables were calculated defining PET scores � 1 as positive,
and also using � 2 as positive. Animals with a PET score � 1
had a positive overall histopathology score, with a P value of
�0.005 for all tables as determined by Fisher’s exact test.
For the whole animal, there were no animals with a negative
PET score and positive histopathology score (0/18); while 1
animal (1/10) with a negative histopathology score had a
positive PET score. However, these correlations could not
be resolved to specific lung regions: 33% of animals (5/15)
with positive R lung fibrosis had negative PET scores; and
25% (4/16) with positive fibrosis had negative PET scores
for the L lung region. For the R lung region, 9% (1/11) of
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animals with positive PET scores had negative histopathol-
ogy scores; and 8% (1/13) were so for the L lung region.

For silicotic animals there was a statistically significant
relationship between PET scores and histopathology scores
in the R lung (correlation coefficient, 0.51; P � 0.03) and in
the L lung (correlation coefficient, 0.66; P � 0.003), re-
flecting that higher histopathology scores were observed as
PET scores increased.

In the limited PET image analyses using quantitative
values of radiotracer activity, the average lesion-to-back-
ground uptake ratio for the 21 silicotic animals at each time
point was 1.92:1 with a range of 2.70–1.25. For the 10
control animals at each time point with PET scores of �1

for all lung regions and times, the average absolute ratio
between 2 separate background regions of the same animal
was 1.19:1 with a range of 1.51–1.05. One control animal
with a PET score of 1.5 at the final time point had a
quantitative lesion-to-background uptake ratio of 1.75.

DISCUSSION

FP PET imaging exhibited high sensitivity and specificity
for the whole animal, defining sensitivity as the percentage
of fibrotic animals that had significant PET scores in either
lung area, and defining specificity as the percentage of
nonfibrotic animals with nonsignificant PET scores. How-

TABLE 1
PET and Histopathology Scores

PET scores (lung area) Histopathology scores (severity/distribution)

Months after challenge Lung region

1 2 4 5 Ra Rc Rd az La Lc Ld

1. Control 0 0 0 0 0 0 0 0
2. Control 0 0 0 0 0 0 — 0
3. Control 0 0 0 0 0 0 0 0
4. Silicotic 2.5 (R) 2/3 2/4 2/3 2/2 — 0 2/3

2.5 (L)
5. Silicotic 3.5 (R) 0 2/3 — 0 2/3 — 2/3

2.5 (L)
6. Silicotic 4 (R) 2/3 2/4 2/3 — — 0 —
7. Silicotic 3.5 (M) — 2/3 2/4 2/5 0 0 0
8. Silicotic 4 (L) — — 0 0 0 — 2/4
9. Control — 0 0 0 0 0 0 0 0

10. Control 0 0 0 0 0 0 0 0 0
11. Control 0 0 0 0 0 0 0 — 0
12. Silicotic 2.5 (R) 3 (R) 2/3 2/3 2/3 3/5 0 0 —
13. Silicotic 2.5 (R) 2.5 (L) 2/4 — 2/3 — 0 — 2/3

1.5 (L)
14. Silicotic 2.5 (L) 4.5 (L) 2/3 — — — — — 3/4

2.5 (M)
15. Silicotic 3.5 (L) 4.5 (L) 0 0 0 0 0 0 3/4
16. Silicotic 2.5 (R) 3.5 (L) 2/3 2/3 0 0 2/3 2/4 2/4
17. Silicotic 3.5 (R) 3.5 (L) 0 2/3 0 2/4 0 0 0

3.5 (L)
18. Control 0 0 — 0 0 0 0 0 0 0 0
19. Control 2.5 (R) 3 (R) — 0 0 0 0 0 0 0 0
20. Control 0 0 0 1.5 (M) 0 0 0 0 0 0 0
21. Control 0 1.5 (R) 0 0 0 0 0 0 0 0
22. Silicotic 3.5 (R) 3.5 (R) 1.5 (R) 3.5 (R) 2/3 2/3 — 3/5 0 0 0

3.5 (M) 3.5 (M) 3.5 (M)
23. Silicotic 3 (R) 4 (R) 4.5 (R) 4 (R) 3/3 3/4 3/4 — 0 0 0

3 (M)
24. Silicotic 3.5 (R) 3 (R) 3.5 (R) 3 (R) 2/3 2/3 2/3 2/3 2/3 0 0
25. Silicotic 4.5 (L) 3.5 (L) 4.5 (L) 3.5 (L) 0 2/3 2/3 0 0 0 3/3

1.5 (R)
26. Silicotic 0 4.5 (L) 4.5 (L) 0 0 0 0 0 — 3/4
27. Silicotic 3 (R) 2.5 (R) 3.5 (R) — 2/3 2/3 2/3 0 0 —
28. Silicotic 1.5 (M) 2.5 (L) 1.5 (R) 2/3 2/3 0 0 2/3 2/3 3/3

2 (R)

For PET scores, 0 indicates all lung regions were 0; a dash indicates some regions were �0 but none were �1. For histopathology
scores, a dash indicates either severity or distribution was �0 but �1.
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ever, comparison of PET scores and histopathology scores
by lung region was far less exact in this animal model. This
may reflect the limited resolution of the clinical PET scan-
ner used in our study in this relatively small animal model.
While the rabbit is of sufficient size to resolve PET features
between the general lung field and nonlung areas, the lung
lobes cannot be distinguished, and features near the medi-
astinum sometimes cannot be definitively localized in the

images. Because of this resolution factor, lower sensitivity
for specific lung regions than for the whole animal was not
unexpected. Nonetheless, some specificity of PET imaging
for diseased lung regions was shown by the low percentages
of positive PET scores with negative fibrosis for the R and
L lung regions.

Another cause of error in localizing PET activity to specific
lung lobes was the possibility of animal movement during
imaging. Animals were sedated and observed movement was
minimal, but respiration would cause some small loss of res-
olution. Fusion of transmission and emission images helped to
localize the site and extent of the PET image feature. High-
resolution scanners built for small animal studies, the use of a
larger animal model, or clinical imaging, should result in
improved anatomical localization of the tracer and thus to
increased values for localized sensitivity and specificity.

The marginal correlation between increasing PET scores
and increasing histopathology scores for silicotic animals
may result from the fact that only a single dose value of dust
was used for every silicotic animal. And it may represent a
limitation of subjective consensus scoring of the PET image
features. As a limited test of the subjective scoring of the
PET images, reader-assigned abnormalities in a limited
number of animals were verified by comparison with back-
ground using digital voxel data for emission activity, as
described above. The results indicated that reader-identified
abnormalities on visual analysis generally corresponded to
quantitative uptake indices.

PET images the active disease-related metabolic process,
while histopathology identifies existing anatomical fibrotic
lesions, which may or may not be progressing. There was no
significant change over time in the median PET scores for
either silicotic or control animals. This was not a surprise
for the control animals; but the constancy of PET scores
over time in silicotic animals is interesting. For animals
imaged more than 1 time, there is the possibility of fibro-
genic activity at earlier imaging sessions resolving by the

FIGURE 4. Median PET scores for all sil-
icotic and control animals over time. Bars
represent 25th and 75th quantiles. Overall
scores are additive scores for R and L lung
and mediastinum region.

TABLE 2
Distribution of Positive PET Scores and

Histopathology Scores

Histopathology score
(positive � score � 1)

Negative Positive

PET score (positive � any score � 1)
Whole animal

Negative 9 (90% specificity) 0
Positive 1 18 (100% sensitivity)

R lung
Negative 12 5
Positive 1 10

L lung
Negative 11 4
Positive 1 12

PET score (positive � any score � 2)
Whole animal

Negative 10 0
Positive 0 18

R lung
Negative 13 6
Positive 0 9

L lung
Negative 12 4
Positive 0 12

PET scores for R and L lung include mediastinum.
Histopathology scores are positive if severity and distribution

were both �1. Scores for R and L lung include azygous lobe.
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last imaging date. That would leave an inactive fibrotic
scar that could be seen by the histopathological exami-
nation that followed the last imaging, with no commen-
surate PET activity. A possible indication of this is seen
if PET scores from all imaging sessions for an animal are
considered; in that case, the measured sensitivity in-
creases for both lung regions, but specificity decreases. A
full exploration of this would appear to require a higher-
resolution animal model–imager system; and inactivation
of lesions would likely be seen over a longer time than
the 5 mo used here.

The second fundamental question facing the use of FP
PET imaging to evaluate pulmonary fibrosis is: How spe-
cific is the heightened uptake of proline or proline analog to
fibroblast synthesis of collagen, since pulmonary response
to silica or silicate dusts can involve both inflammation and
fibrogenesis? FDG uptake was observed by PET imaging in
the lungs of rabbits with experimental pneumonitis induced
by Streptococcus pneumoniae and by bleomycin; and par-
allel 3H-deoxyglucose autoradiography found the uptake to
be localized to neutrophils associated with the inflammatory
response (24). PET FDG measurements showed increased
regional pulmonary glucose metabolism in 6 of 7 histolog-
ically proven sarcoidosis patients, which resolved as high-
dose cortico-steroid therapy returned serum angiotensin-
converting enzyme levels to normal (25). We currently are
analyzing histopathology scores for inflammatory response
in this animal model FP PET study. Is the FP proline analog
uptake in silicosis specific to fibroblast synthesis of colla-
gen, much as the exacerbated uptake of FDG in bleomycin-
challenged rabbits was specific to neutrophil activity in the
inflammatory response? There is extensive literature on
animal models of silicosis in which autoradiographic anal-
ysis located tritiated or 14C-labeled proline at the alveolar
interstitial sites of fibroblast collagen synthesis (26); this
suggests that a major fraction of the proline analog is taken
up by direct association with collagen synthesis in fibrosis.
However, the relative amounts associated with collagen
synthesis and with generally heightened metabolism asso-
ciated with inflammatory response is not clear. A definitive
answer may require either a biochemical assay of the frac-
tional amount of FP sequestered in the lungs as procollagen,
similar to the study of protein sequestration of FP in mouse
osteosarcomas (12), or an autoradiographic study of the
microanatomical location of the accumulated FP, i.e., in
pulmonary interstitial fibroblasts or in alveolar neutrophil or
macrophage inflammation-associated cells. We are attempt-
ing an autoradiography study using tritiated proline and FP
to determine relative levels of uptake in alveolar lumen and
interstitial cellular locations. If additional studies confirm a
high accuracy of FP PET imaging in detecting early fibrosis,
it potentially could be useful in the diagnosis of interstitial
lung fibrosis, collagen diseases, and several occupational
and toxicity-related disorders.

CONCLUSION

The results of this study indicate that a significant FP PET
score is correlated, with high sensitivity and specificity,
with the presence of pulmonary fibrosis induced by a single
instillation of silica dust in a rabbit model of silicosis in a
short time period of 1 to 5 months after dust challenge. It
appears that the small animal model and the resolution of
the clinical PET imaging system used limited these high
values to correlations over the whole lung field. FP PET
imaging appears to have the potential sensitivity to detect
active fibrosis in silicosis, and this may be applicable to
other lung diseases, such as interstitial lung fibrosis, asbes-
tosis, cryptogenic fibrosing alveolitis, and sarcoidosis.
However, the question of specificity for detection of pul-
monary fibrosis needs to be evaluated, i.e., the potential for
false-positive evaluations associated with potential FP up-
take by transient inflammatory processes in the lung.
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