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836 #mTe-HMPAO scintigraphy for irradiated lung

ABSTRACT

The pulmonary microvascular endothelium manifests structural and functional alterations follow-
ing irradiation. It is important to determine a suitable method for detecting the endothelial damage.
For the assessment of the initial phase of this pulmonary injury, **"Tc-hexamethylpropylene amine
oxime (*"Tc-HMPAO) scintigraphy as an indicator of early endothelial injury induced by irradia-
tion was employed. Japanese white rabbits were exposed to 50 Gy irradiation toward the hemi-
thorax, and **"Tc-HMPAO scintigraphy was performed at 24 hrs, 2 days, 14 days. and 28 days
following irradiation. Twenty of 24 rabbits (83.3%) showed abnormal " Tc-HMPAO uptalce in the
irradiated lung during this period. Of 10 rabbits examined 24 hrs after irradiation, nine (90%)
already showed abnormal *"Tc-HMPAO uptake. The time-activity curves revealed that high
uptake of this agent occurred rapidly within the first 1 min after injection. Chest radiography in all
these 20 rabbits with abnormal *"Tc-HMPAO uptake exhibited no abnormal opacity. Histological
studies performed in 7 of these 20 rabbits revealed no remarkable changes in the irradiated lung
compared to the contralateral non-irradiated lung, while electron microscopic study showed scat-
tered vacuolation and edematous changes in the endotheliurn. These results indicate that *™Tc-
HMPAO scintigraphy may detect early lung microvascular endothelial injury induced by irradiation.

INTRODUCTION

The pulmonary capillary endothelial bed is thought to be the most important initial site of
irradiation-induced injury in the lung and an etiologic factor in consequent radiation pneumonitis.
An ultrastructural study of the development of radiation injury revealed that the first sign of
pulmonary damage appeared in the endothelium"~®. The increased vascular permeability that
occurs as a consequence of these endothelial damages has been investigated by radiotracer methods
using **"Tc-HSA or *"Tc-DTPA®®. However, these methods do not seem to detect early endothelial
damage. The brain perfusion agent, **"Tc-hexamethylpropylene amine oxime (*"Tc¢-HMPAQ)®,
has also been used for tumor scintigraphy, mainly in the thoracic region” . Suga et al ' reported
the application of this agent for thoracic tumors, and they frequently observed intense pulmonary
uptake of this agent corresponding to the irradiated field, in the absence of findings of radiation
pneumonitis on chest computed tomography. It is therefore suggested that this agent may be of value
for detecting early radiation pulmonary injury. Accordingly, the present study was conducted to
investigate the value of *"Tc-HMPAO scintigraphy for the early detection of irradiation-induced
pulmonary microvascular endothelial injury. An experimental animal model was used, in which
minimal pulmonary vascular lesions developed following a single dose of 50 Gy irradiation.

MATERIALS AND METHODS
(1) Animals and irradiation
Twenty-four Japanese white rabbits weighing 2.5-3.5 kg were anesthetized with 50 mg kg™!
Nembutal administered intravenously via the ear vein. Irradiation was performed through a right
anteiror chest field of 5.0%x2.5 cm, with a single 50 Gy dose, using 200 keV X-ray with a h. v. . of
1.28 mm Cu and 1 mm Al The irradiated region included the right lung and right hemimediastinum,
but not the left lung field. The relatively high dose of 50 Gy was selected, as previous investi gators'?
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had reported the difficulty of producing exudative radiation pneumonitis in rabbits compared to rats
and mice. In addition, Hermann et al.'® reported that **"Tc-MAA lung scintigraphy in rabbits
receiving a single 50 Gy dose of radiation showed reduced uptake.
(2) *mTe-HMPAO Scintigraphy

The anesthetized rabbits were fixed symmetrically in the supine position over a detector with a
collimator, and received a bolus injection of 37 MBqg (1 mCi)*"Tec-HMPAO via the ear vein.
Posterior sequential lung images were taken at one frame per sec for 1 min immediately following
injection, and subsequent images were obtained at one frame per min for 30 min, using a low-energy
collimator attached to a gamma camera (TOSHIBA GCA 901-A). The early image was obtained by
summation of the first 1 minute, and the delayed image was obtained by summation of frames during
the last 5 min (Fig. 1). A 20% window centered on the 140 keV photo-peak was used for each view.

In all 24 rabbits receiving a single 50 Gy dose of radiation, **"Tc-HMPAO scintigraphy was
performed at the following times: 10 rabbits at 24 hrs after irradiation, 5 after 2 days, 5 after 14
days, and 4 after 28 days.

Time-activity curves were obtained by setting square regions of interest (ROI) with a size of 4 x
4 pixels in the lower lung field in both the irradiated and the contralateral non-irradiated lung.
Quantitative evaluation of **"Tc-HMPAO uptake in the irradiated lung was expressed as the mean
count ratio per pixel of the irradiated side over that of the contralateral side (**"Tc-HMPAOQO uptake
ratio).
(3) *mTe-MAA Scintigraphy

To investigate the changes in pulmonary perfusion after irradiation and to compare the results
with those of #"Tc-HMPAO scintigraphy, **™Te-MAA perfusion images were obtained 4 days before
or after the *"Tc-HMPAO examination in 12 irradiated rabbits. A dose of 37 MBg (1mCi) of
#mTe-MAA was injected intravenously, and posterior static images were obtained at 5 min after the
injection. The ROI sets were the same as those for *"Tc-HMPAOQO scintigraphy. When the mean
count per pixel of the irradiated lung was reduced by more than 20% compared with that in the
contralateral non-irradiated lung. The pulmonary perfusion was considered to be reduced. When the
difference was within 20%, the blood flow was considered to be unchanged.
(4) ®*mTecO,” and **"Te-DTPA Scintigraphy

In addition, *"TcO,~ and *™Tc-DTPA (**"Tc-diethylene triaminepenta acetic acid) scintigraphy
was performed in rabbits with abnormal *™"Tc-HMPAO uptake in the irradiated lung. **™TcO,"~
scintigraphy was conducted to exclude the possibility of accumulation of free *"TcO," released
from *“"Tc-HMPAO. #"Tc-DTPA scintigraphy was performed to investigate whether vascular
permeability and the extravascular space were increased in the irradiated lung. These scintigraphic
findings were compared with the findings of **"Tc-HMPAO scintigraphy. Both of these scinti-
graphies were performed in 6 rabbits 4 days after the *™T'c-HMPAO examination. A does of 37 MBq
(1 mCi) of *"TcO,” or *"Tc-DTPA was injected intravenously, and the images were obtained in the
same manner as for *"Tc-HMPAO examination.
(5) Chest radiographic and histological observations

Chest radiography was performed in all rabbits after the **"Tc-HMPAOQO examinaition to observe
whether there was abnormal opacity. Seven rabbits with abnormal **"Tc-HMPAQO uptake in the
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irradiated lung were killed at the following times : 3 rabbits were killed 24 hrs after irradiation, one
after 2 days, and 3 after 28 days. Histological examination of hematoxylin and eosin-stained speci-
mens was then performed to estimate the degree of lung injury caused by irradiation in all 7 rabbits.

Electron microscopic observations were also performed in 4 of the above-mentioned 7 rabbits.
Among those 4 rabbits, 2 were killed 24 hrs after irradiation, one after 2 days, and one after 28 days.

RESULTS

M Te-HMPAO scintigraphy performed 24 hrs to 28 days after irradiation showed abnormal
2" Te-HMPAO uptake in the irradiated lung in 20 of the 24 rabbits (83.3%). Of 10 rabbits examined
24 hrs after irradiation, 9 (90%) showed abnormal uptake in the irradiated lung (Fig. 1). Of 5 after
2 days, 4 (80.0%) showed abnormal uptake. Of 5 after 14 days, 4(80.0%) showed abnormal uptake.
Of 4 after 28 days, 3 (75.0%) showed abnormal uptake.

In all the 20 rabbits that showed abnormal uptake of **"Tc-HMPAO, the time-activity curves
revealed that a high uptake of this agent occurred within the first 1 min immediately after the
injection (Fig. 2). However, the maximum value for the *"Te-HMPAO uptake ratio was observed
30 minutes after the **"Tc-HMPAO injection (Fig. 3).

Pulmonary perfusion, assessed by **"Tc-MAA scintigraphy in 12 rabbits with abnormal accumula-
tion of **"Tc-HMPAO, was unchanged compared to the contralateral side in 3 (25%) rabbits and had
decreased in 9 (75%) (Fig. 4). Chest radiography, performed in all of the 20 rabbits that showed
abnormal uptake in **"Tc-HMPAO scintigraphy 24 hrs to 28 days after irradiation, did not show any
abnormal opacity in the irradiated lung (Fig. 5). Histological observations made with a light
microscope did not reveal any significant changes of pulmonary peripheral structure compared to

the contralateral non-irradiated lung (Fig. 6). There was no obvious thickening of the interalveolar

i RIGHT

septa or exudative changes within the alveolar spaces.

Fig. 1 *"Tc-HMPAO scintigraphy in a rabbit receiving 50 Gy irradiation 24 hrs
previously : Both early (1min) and delayed (30 min) images show more intense
activity (arrows) of *"Tc-HMPAO in the irradiated right lung than the contralateral
non-irradiated side.
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Fig. 2 Time-activity curves obtained from *"Tc¢c-HMPAQO scintigraphy
in Fig. 1.

(&) Time-activity curve for the first 1 min immediately after injection reveal-
ing higher *™Tc-HMPAOQO uptake in the irradiated lung (right)

(B) Time-activity curve for 30 min after injection, showing a persistent
higher uptake in the irradiated lung than the contralateral non-irradiated
lung
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Fig. 4 *m™Tc-MAA perfusion scintigraphy of the same
rabbit shown in Fig. 1 did not show a reduced uptake
in the irradiated right lung. Because the difference in
mean counts per pixel of the irradiated lung compared
with that of the non-irradiated lung is within 20%, the
pulmonary perfusion is considered to be unchanged.
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Fig. 5 Chest radiograph 24 hrs after irradiation show-
ing no abnormal opacity in the irradiated right lung

Fig. 3 Kineticsof*"Tc-HMPAQ; Chan-
ges of irradiated/contralateral lung
ratios of *"Tc-HMPAO activity after
injection in all the 20rabbits that
showed abnormal uptake of " Tc-HMPAO.
This figure reveals that a high uptake
of *"Tc-HMPAO occurs within the
first 1 min immediately after injection,
and the maximum value for *mTec-
HMPAO uptake ratio is observed 30
min after injection.
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Fig. 6 Light microscopic histological
appearance of irradiated lung 2 days
after irradiation showing no remark-
able changes compared to the con-
tralateral non-irradiated lung (hema-
toxylin and eosin stain)

endothel ium

endothe | ium E Fig. 7
(A) Electron microscopic appearance

of the lung of a control rabbit

X 30, 000.

(B) Electron microscopy of irradiated
lung 2 days after irradiation showing
edematous change of the microvas-
cular endothelium and vacuolation (arro-
ws) in the endothelium. No obvious
alterations are observed in other struc-
tures such as epithelial cell (arrow-
heads) and basement membrane.

X 20,000.
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" Tc-HMPAO scintigraphy for irradiated lung

Fig. 7

(© In the same rabbit shown in Fig. 7
(B), there are many vacuole (arrows)
within the endothelium and edematous
swelling.

RIGHT

99m 5

T C@I4
Fig. 8 *"TcO, scintigraphy performed in the rabbit with showing
high *"Tc-HMPAO uptake in the irradiated lung (right). This image
showing no abnormal uptake in the irradiated lung compared with the
contralateral non-irradiated lung.

However, electron microscopic observation revealed degeneration of the microvascular endo-

thelium ; this was manifested as scattered vacuoles or blebs within the endothelium and edematous

swelling. These changes were not widespread, and no obvious alterations compared with the normal

lung were noted in other structures such as epithelial cells, interstitium, or basement membrane (Fig.

7).

Neither **"TcO,~ nor **Tc-DTPA scintigraphy showed any abnormal uptake in the irradiated
lung of any of the 6 rabbits examined. The activity in the irradiated lung did not differ from that of

the contralateral non-irradiated lung (Figs. 8, 9). Neither of the time activity curves showed any

significant differences between the irradiated and non-irradiated contralateral lungs (Fig. 9-B).
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(A) #"Tc-DTPA scintigraphy showing no abnormal accumulation in the

irradiated lung in the both early (5min) and delayed image (30 min)

(B)  Time-activity curve obtained during 30 min after injection also showing
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no significant difference between in the irradiated and contralateral lung

1: heart, 2: left, 3: right (irradiated lung)
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DISCUSSION

In the present study, the rabbit lungs administered a single dose of 50 Gy irradiation demonstrated
abnormal uptake of **"Tc-HMPAO in spite of the absence of clear changes in the lung on chest
radiography and light microscopic observation. The injury of these lungs was relatively slight, and
only endothelial injury was found by means of electron microscopy. Moreover, *"Tc-HMPAQO
scintigraphy showed abnormal uptake in the irradiated lung as early as 24 hrs following irradiation,
with a high incidence (90.0%). The pulmonary microvascular injury induced by irradiation at a
relatively early stage has been investigated with various radiopharmaceuticals, such as Gallium-
67919, #¥nTc.DTPA', and '#[-IMP®. However, in the author’s survey of the literature, no other
agent has been reported to depict radiation injury positively as early as 24 hrs after irradiation.
These results indicate that **"Tc-HMPAO scintigraphy has potential value as an indicator of early
pulmonary injury induced by irradiation.

Previous electron microscopic studies"~® of the irradiated lungs of various animals have also
demonstrated vacuole formation within the endothelial cells one day after irradiation, as observed
in the present study. A dynamic progression to radiation pneurnonitis occurred during the 2 to 6
month period after irradiation”?. *™"Tc-HMPAO, which showed abnormal uptake in these lungs
with endothelial injury, was probably considered to indicate abnormal kinetics in relation to the
endothelial injury. **"Tc-HMPAO is thought to accumulate within the injured endothelium, because
this agent, a lipophilic substance with a molecular weight of 380 Da'”, can penetrate into the
endothelial cytoplasm through the pores in the cell membrane. This characteristic has been widely
employed in the labelling of WBC and platelets with this agent'¥-29 Kawakami et al ' demonstrat-
ed the intracellular transfer of this agent in the alveolar epithelium in an aerosol study. Considering
the *™Tc-HMPAO Kkinetics indicating abnormal uptake, the higher irradiated/contralateral lung
uptake ratio during 60 sec after *"Tc-HMPAO injection occurred rapidly after the injection (Fig.
2). It seems that this rapid manifestation of abnormal uptake in the injured lung is characteristic of
this agent. The enhanced permeability of the radiation-damaged endothelial membrane to
*#"Tc-HMPAO contributes to the rapid manifestation of abnormal uptake of this agent.

#mTc-MAA scintigraphy revealed that the pulmonary blood flow tended to be reduced following
irradiation. The incidence of reduced pulmonary perfusion (75.0%) was lower than the positive
incidence (83.3%) on *“™Tc-HMPAOQ scintigraphy. These results indicate that *"Tc-HMPAO
scintigraphy was more sensitive for detecting pulmonary injury than **"Tc-MAA scintigraphy.
Comparison between **"Tc-MAA and *"Tc-HMPAO scintigraphic findings also suggested that
#"Te-HMPAO could reach the peripheral pulmonary areas which *™Tc-MAA could not reach. It is
considered that **"Tc-HMPAO, with its low molecular weight of 380 Da, can reach the peripheral
lung which the large *™Tc-MAA, with a size of 30-50 xm?Y, ¢cannot reach.

The time-activity curves also revealed that the ratio of " Tc-HMPAO uptake in the irradiated
lung to the contralateral normal lung increased with time after injection. This finding indicates slow
washout of this agent from the irradiated lung following high uptake (Fig. 2, 3). Reduced pulmonary
blood flow observed on *™Tc¢c-MAA scintigraphy could be responsible for this slow washout.
Moreover, it is possible that the nature of **"Tc-HMPAO was changed from lipophilic to hydrophilic
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within the endothelial cell, and that this agent was retained there, as has been demonstrated in brain
tissue??.

On the other hand, in rabbits showing positive **"Tc-HMPAO uptake in the irradiated lung,
ssm P DTPA scintigraphy showed neither abnormal uptake nor different kinetics in the irradiated
lung compared to the non-irradiated lung. The hydrophilic agent *"Tc-DTPA transfers across
capillaries through the inter-endothelial pores into the extravascular interstitial space as a result of
enhanced microvascular permeability or increased extravascular space®™'®'", Negative results with
this agent indicated that neither of these features was involved in this relatively early stage of
pulmonary injury. The present light and electron microscopic findings also suggested that there was
no increase in the extravascular space such as thickening of the interstitium or infiltration within
the alveolar space. In addition, the negative results of **™TcO,~ scintigraphy suggested that the
abnormal uptake shown on **™Tc-HMPAO scintigraphy was not due to nonspecific accumulation of
free #*mTcO," released from **"Tc-HMPAQ?-25),

Thus, from the results of the present study, it is considered that the high *"Tc-HMPAO uptake
in the irradiated lung may be related to endothelial injuries such as enhanced permeability of the
endothelial cell membrane. However, to clarify the precise mechanism responsible for the high
smTe HMPAO uptake in the irradiated lung, further investigations using microautoradiography are
necessary.

A diffuse high uptake of *™Tc-HMPAO has been reported in scintigraphies of smokers’ lungs by
Shih et al 2®. They suggested that the high uptake of this agent reflected endothelial damage due to
substances contained in cigarette smoke. The present results and this finding in the smoker’s lung
suggest that abnormal accumulation of *"Tc-HMPAQO may indicate nonspecific endothelial damage.
However, the nonspecificity of the pulmonary uptake of this agent does not diminish the importance
of *mTc-HMPAO scintigraphy, since this method may provide considerable information of impor-
tance in the early managernent of radiation-induced tissue damage. Earlier detection of pulmonary
damage induced by irradiation would allow administration of higher doses of radiation to the lung
without subsequent severe injury.

In conclusion, *"Tc-HMPAO scintigraphy, which showed abnormal uptake as early as 24 hrs after
irradiation, appears to be a sensitive indicator of pulmonary microvascular injury induced by
irradiation. Further study, however, is necessary to clarify the precise mechanism responsible for
this high uptake.
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