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ABSTRACT
Internal radiation exposure from neutron-induced radioisotopes that were environmentally activated following an
atomic bombing or nuclear accident should be considered for a complete picture of the pathologic effects on survivors.
Inhaled hot particles expose neighboring tissues to very high doses of particle beams, which can cause local tissue
damage. Experimentally, a few μm of 55MnO2 powder was irradiated with neutrons at a nuclear reactor in order to
generate 56MnO2 that emits β-rays. Rats were irradiated via inhalation. Pathological changes in various rat tissues
were examined. In addition, the 56Mn β energy spectrum around the particles was calculated to determine the local
dose rate and the cumulative dose. This review focuses on our latest pathological findings in lungs with internal
radiation injury and discusses the pathological changes of early event damage caused by localized, very high-dose
internal radiation exposure, including apoptosis, elastin stigma, emphysema, hemorrhage and severe inflammation.
The pathological findings of lung tissue due to internal radiation exposure of 0.1 Gy were severe, with no pathological
changes observed due to external exposure to γ radiation at a dose of 2.0 Gy. Therefore, it is suggested that new
pathological analysis methods for internal exposure due to radioactive microparticles are required.
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INTRODUCTION
To fully understand the radiation effects on survivors of the Hiroshima
and Nagasaki atomic bombings (A-bombs), as well as victims of
nuclear disasters such as nuclear power plant accidents, one must
consider not only the initial radiation received directly from the
bombs and/or other sources, but also that received from neutron-
induced radioisotopes in soil, dust and so on, as well as radiation from
dispersed fission products and nuclear fuel materials. Among these,
radioactive particles dispersed in the air (radioactive dust) can be a
source of internal exposure. In assessing the radiation risk of those who
moved to the affected area shortly after an explosion or other nuclear
disaster, inhalation of radioactive dust may be more important than
external exposure. In Hiroshima, Otani et al. suggested the possibility
of radioactive dust exposure from the study of early entrants into
Hiroshima following the explosion [1]. There is further evidence of
dust falling following the attack in the Nagasaki area [2].

There are two types of radioactivity derived from atomic bombs:
(i) fission products such as 137Cs and 90Sr and fuel components such as

Pu [3], and (ii) induced radioactivity produced by neutron irradiation
of soil such as 56Mn and 24Na. Because most nuclides have short half-
lives, neutron-induced radioactivity has received little attention. While
the International Atomic Energy Agency (IAEA) recently featured a
coordinated study on radioactive particles focusing on environmental
fate and transfer into the body [4], we conducted a study to investigate
biological effects [5, 6]. For radioactive microparticles in soluble form,
irradiation dose is thought to be distributed similarly to external expo-
sure [7, 8]. However, our estimates indicate extremely high-dose rates
in the vicinity of insoluble radioactive microparticles.

Because neutrons generated in the process of an atomic bomb
explosion or nuclear accident have no electric charge, they can enter
the nuclei of atoms very easily without being disturbed by the Coulomb
force, and they often create unstable nuclei—radionuclides—with one
extra neutron (neutron activation). The resulting radioactive mate-
rial generates radioactive particles, which can cause internal radiation
exposure by inhalation. In many cases, tissues in contact with inhaled
radioactive particles are locally exposed to very high doses of radiation
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from β rays, characteristic X-rays and Auger electrons. These effects
must be taken into account in order to obtain a complete picture of the
radiopathological effects on survivors.

In terms of internal radiation exposure to the human body, we have
already reported Pu deposits in the bodies of Nagasaki A-bomb victims.
The average dose of Pu in the Nagasaki A-bomb victims’ organs was
evaluated over their survival period, and it was shown to be lower when
compared to external exposure. However, the impact of a single α-
particle on an individual cell nucleus should not be overlooked, and
it would be meaningful to investigate the relationship between the
impact of internal exposure on the cellular level dose and the organ
average dose [9–11]. When comparing the same tissue average dose,
internal exposure has been shown to have a greater effect than external
exposure [12]. In 1986, the Chernobyl nuclear power plant accident
exposed residents of Ukraine, Belarus and Russia to radioactive iodine,
particularly infants and children who drank milk from cows that had
eaten hay and other food sources contaminated with radioactive fallout
[13]. In 2011, it was claimed that radioactive particles (cesium balls)
were scattered in the air during the Fukushima Daiichi Nuclear Power
Plant accident, which was triggered by the Great East Japan Earthquake
[14].

This review focuses on the pathological effects of 56Mn micropar-
ticles on the lung. It is well known that radiation exposure of the
lungs can induce ‘radiation pneumonitis’ in laboratory animals at lung
doses of more than 8 Gy of low linear energy transfer (LET) radiation
[15, 16]. In rats, studies showed that a 20 Gy thorax irradiation did
not induce any short-term histological changes in the lungs, while the
irradiated lungs developed focal exudative lesions after 2 months and
reparative fibrotic lesions after 6 months [17, 18]. In addition, lung
function was impaired by irradiation with a single dose of 12 Gy [19].
Our experiments showed that internal exposure to a tissue-averaged
dose of 0.10 Gy (Table 1) caused serious pathological changes in the
lungs compared to 2 Gy of 60Co external exposure.

We have conducted a series of internal radiation exposure experi-
ments on animals in order to study the effects of radioactive particles,
including their initial effects and subsequent pathological profiles, and
we found that inhaling radioactive microparticles can cause serious
radiation damage due to localized exposure to very high doses, even
if the average dose is low (Fig. 1). Microdistribution of internal radi-
ation dose in lung tissues exposed to 56Mn dioxide microparticles has
been reported [6, 20]. The detection of the three-dimensional spatial
distribution of the radiation effects of radioactive particles embedded
in tissues, as well as the analysis of their relationship to the microscopic
dose distribution around the radioactive particles, will be important for
the study of internal exposure. This entails linking the microdistribu-
tion of internal radiation dose in biological tissues to pathobiological
effects.

EXPOSURE TO 0.1 GY INTERNAL RADIATION
CAUSES MUCH MORE PATHOLOGICAL CHANGES

THAN EXTERNAL EXPOSURE TO � RADIATION AT A
DOSE OF 2.0 GY

A nuclear reactor activates nonradioactive manganese-55 dioxide
(55MnO2) powder to produce 56MnO2 powder, which emits β rays
(activated powder). The pathological effects of internal exposure to

radiation via activated powder inhalation on male Wistar rats were
compared to those of external exposure to γ -rays. 56Mn is one of
the major radioisotopes generated in soil by neutron irradiation from
atomic bomb explosions and is responsible for exposure (DS86 Vol. 1
[21]). Since 56Mn has a short physical half-life of 2.58 hours, exposure
to it is largely restricted to the first few hours following inhalation.

The MnO2 powder particles used in this experiment were the same
size as previously reported, with a diameter of approximately 5 μm
[22, 23]. The activated powder was produced by neutron irradiation of
100 mg of 55MnO2 powder (Rare Metallics, Japan) in the IVG.1 M
(‘Baikal-1’) reactor in Kurchatov, Kazakhstan (page 110 of [24]).
The irradiating neutrons had a particle fluence of 4 × 1014 n/cm2 per
2000 seconds of irradiation time, which was irradiated for 2000 (1×),
4000 (2×) and 8000 (4×) seconds to produce three types of activated
powders [22].

The radioactivity of this activated powder with 56Mn was 2.74 ×
108 Bq, 2 × 2.74 × 108 Bq and 4 × 2.74 × 108 Bq for the whole 100 mg
for 1×, 2× and 4×, respectively. This was pneumatically sprayed onto
the rats in the experimental box. On the other hand, γ -irradiation was
performed using a Teragam K2 unit (UJP Praha, Praha-Zbraslav, Czech
Republic), which externally irradiated rats with 2.0 Gy of 60Co γ -rays
at a dose rate of 2.6 Gy/min, which is the dose of fractionated radiation
therapy with low LET radiation that falls on the shoulder of the cell sur-
vival curve and maximizes sublethal damage repair and repopulation of
the normal tissue. In addition, a control group that was neither exposed
to activated powder nor γ -irradiation (unexposed control group) [6]
and a group that inhaled nonactivated MnO2 powder (stable Mn) [6]
were established.

The pathological effects of internal exposure to radiation were
emphysema, hemorrhage and severe inflammation, all of which were
reported 6 hours to 8 months after the exposure, during which
bronchial epithelial cell apoptosis was also found [6].

The initial pathological findings and damage to the lung tissue
from 0.1 Gy internal radiation exposure were nonspecific, more rapid
and more severe than in the external exposure group to 2.0 Gy of
γ rays (externally exposed or γ 2.0 Gy group) [6], the unexposed
control group and the stable Mn group. Pathological changes such
as emphysema and hemorrhage were observed in the lungs of rats
exposed to 1× radioactive powder (1 × 2.74 × 108 Bq) and severe
inflammation was observed and persisted in the groups exposed to 4×
and 2× (2 × 2.74 × 108 Bq) radioactive powder (internally exposed
56Mn (4×) and (2×) groups) [6] 6 hours to 6 months after the expo-
sure. These changes were more pronounced in the group internally
exposed to 4× activated powder (4 × 2.74 × 108 Bq). The lung tissue
damage observed on the third day of internal exposure to 4× and 2×
(2 × 2.74 × 108 Bq) radioactive powders persisted in these same rat
groups 6 months after exposure (Tables 1, 2, Figs 2–4).

Collagen fiber deposition, which has been traditionally used as an
indicator of fibrosis in radiation-induced pneumonitis, was low in the
internally exposed 2× group. On the other hand, elastic fibers (elastin)
demonstrated an abnormally localized high deposition surrounding
the alveoli 6 hours after internal radiation exposure, with a staggered
distribution that was cut off at intervals (elastin stigma), as if a bullet
(shot) had been fired (Fig. 5A). External exposure to γ radiation at
2.0 Gy had a similar effect, but at a lower deposition level compared
to the 4× activated powder, and this effect was normalized to control
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Fig. 1. A comparison between external exposure to high energy γ -ray and internal exposure to radioactive particles emitting β-ray.
Near the radioactive particles, the radiation dose is high, and events caused by emitted electrons are concentrated. Therefore,
multiple events occur in one cell nucleus, causing severe damage (left). On the other hand, exposure to an external γ -ray source
results in a nearly uniform dose, and events occur relatively randomly as a result of photo-electrons and Compton electrons
(right).

Fig. 2. Lungs of rats 3 days after exposure showing severe
emphysema (a) and hemorrhage (a–1) in the 56Mn internally
exposed group (0.1 Gy), but no pathological changes in the
60Co γ rays (2 Gy) externally exposed (b) and unexposed
control groups (c). As with the control, experiments with a
stable Mn group were also conducted, and no change was
observed. Hematoxylin and eosin (H&E) staining, original
magnification ×10. (a, a-1, c from [23]/CC BY 4.0).

levels after 3 days, but remained high for 6 months in the internally
exposed (activated powder) groups.

Apoptotic cell death occurred in bronchial epithelial cells in the
lungs of the internally exposed group 3 days, 14 days, 2 months and
8 months after the inhalations, but not in the externally exposed group
(Figs 5A and D).

PATHOLOGICAL CHANGES DUE TO INTERNAL
EXPOSURE WERE PERSISTENT

At 6 months, late pathological findings such as atelectasis, granuloma
and severe pneumonitis were detected in the 2× and 4× radioactive
powder internally exposed groups, with persistent tissue damage due
to emphysema and long-term inflammation (Fig. 4, Table 2). Con-
ventionally, the progressive alveolar wall thickening and emphysema
detected in radiation-induced pneumonitis, as well as collagen depo-
sition associated with fibrosis [25], were not observed in the case of
internal radiation exposure.

In addition, elastin deposition—another pathological indicator of
lung fibrosis—was found to be higher in the internally exposed group
in our experiment, and this finding was cited as a ‘new pathological
indicator’ of internal radiation exposure. Fujimoto et al. [26] found that
elastin mRNA levels in the lung were higher in the internally exposed
group than in the unexposed control and the 2 Gy externally exposed
groups, with no significance. Therefore, further investigation of gene



Large impact of ingested radioactive particles • 31

Fig. 3. Histologically-scored findings in the lungs of the rats exposed to stable Mn, 56Mn, 2.0 Gy γ -radiation and no irradiation. (A)
hemorrhage; (B) emphysema; (C) inflammation; (D) elastin; and (E) collagen findings in four groups: externally exposed, 56Mn
(2×) internally exposed, 56Mn (4×) internally exposed and unexposed control and findings in 2.0 Gy γ -radiation externally
exposed, stable Mn, 56Mn (1×) internally exposed and unexposed control groups. Bars, mean ± standard error of the mean
(SEM) (n = 3–6). ∗P < 0.05, ∗∗P < 0.01 vs control. #P < 0.05, ##P < 0.01 vs 56Mn (2×) [6].

expression is required. Internal exposure was also found to have long-
term effects on locomotor activity in rats [27].

EARLY EFFECTS OF INTERNAL EXPOSURE
FORESHADOW THE WARNING SIGNS (ELASTIN

STIGMA) OF LATE EFFECTS
On Day 3, hemorrhage, emphysema and high score-level inflammation
with 2× and 4× irradiated powders persisted until the sixth month
after irradiation. Figs 4C and 4D show late pathological findings
of marked atelectasis and pneumonitis with 2× and 4× radiated
powder exposure, respectively, as well as granulomas (Fig. 4E) and
severe hemorrhage (Fig. 4F) with 4× radiated powder exposure.
Figs 4A and 4B show no pathological findings in the unexposed

control and 2.0 Gy γ radiation externally exposed groups, respec-
tively.

Table 2 and Figs 3 and 5 present the pathological findings until
8 months. There was no evidence of hemorrhage or inflammation in
the unexposed control and stable Mn groups. The internally exposed
group had more emphysema and inflammation than the stable Mn and
unexposed control groups. After 8 months, there was no significant
difference in collagen deposition, an indicator of conventional fibrosis,
between the stable Mn, the internally exposed and the unexposed
control groups. However, collagen deposition was significantly higher
in the externally exposed group than in the unexposed control group
(Figs 5A and C).

Histologically, emphysema is characterized by the destruction of
alveolar walls and the enlargement of voids due to apoptosis of lung
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Fig. 4. Representative fields of lung tissue histology from
56Mn-exposed, 2.0-Gy γ -exposed and nonirradiated control
rats six months post-irradiation. (A) Lung of a control rat
showing no pathological changes; (B) lung of a 2.0-Gy
γ -radiation exposed rat showing no pathological changes; (C)
lung of a 56Mn(2×) exposed rat showing widespread
emphysema, atelectasis, hemorrhage and thrombosis (arrows);
(D) lung of a 56Mn(4×) exposed rat showing more extensive
damage and pneumonitis due to severe inflammation,
inflammatory cell infiltration and intra-alveolar hemorrhage;
(E) lung of a 56Mn (4×) exposed rat showing granuloma
surrounded by emphysema in a lung lobe (arrows); and (F)
lung of a 56Mn (4×) exposed rat showing severe hemorrhage
and inflammatory cell infiltration (arrows) and this caption is a
higher magnification of caption (D). H&E stain, 4× (A–D) and
20× (E, F) objective magnification (From [6]/CC BY 4.0).

epithelial cells [28], and it is also characterized in humans by oxidative
stress, apoptosis and aging due to decreased tissue repair [29, 30].

Radiation pneumonitis has been classified into two phases: early
acute pneumonitis and late pulmonary collagen fibrosis [25, 31, 32].
Many tissues, including the lung, dermis and large blood vessels, have
elastic properties due to the presence of elastic fibers in the extracellular
space, and Rosenbloom et al. [33] have demonstrated elastin’s crucial
role in organ structural integrity. The disrupted structural integrity
caused by early stage elastin dysfunction could play a major role in the
breakdown of epithelial repair mechanisms, resulting in hemorrhage
and emphysema. Loss of elasticity causes age-related phenotypes such
as emphysema and arteriosclerosis [34, 35]. External exposure induces
collagen fibrosis as a late effect to compensate for the loss of capillaries
and alveolar septum due to radiation [32]. On the other hand, as

we have shown, because of the local very high-dose exposure, elastin
deposition in the extracellular space of the lung and blood vessels is
induced as an early effect of internal radiation, resulting in late effects
without maintaining the structural integrity of the organs.

In our experiment, three 56Mn 1×, 2× and 4× internally exposed
groups demonstrated no difference in alveolar wall thickening and
collagen deposition associated with fibrosis. The interstitial tissue was
slightly edematous, indicating inflammatory cell infiltration. However,
elastin deposition, another pathological indicator of fibrosis, was high
in the internally exposed group during the acute to subacute phase,
at 6 hours, 3 days, 14 days and 2 months after 56Mn ingestion and
the subsequent late phase, at 6 and 8 months after irradiation. There-
fore, the ‘elastin stigma of internal radiation-induced lung injury was
proposed.

The 56Mn internally exposed groups had increased abnormal elastin
deposition (elastin stigma). Houghton et al. [36] demonstrated that
elastin fragments can promote disease progression in a murine model
of emphysema. Our findings suggest that the elastin stigma surround-
ing the alveoli in a staggered distribution, when broken at intervals in
56Mn treated samples as early as six hours, is a predictive indicator of
radiation-induced elastin stigma that has occurred in a localized, dose-
dependent manner. Therefore, early event data of this elastin stigma,
as shown in Figs 3D and 5A–B, may be predictive of late pneumonitis
due to internal lung exposure.

LOCALIZED, VERY HIGH DOSE, INTERNAL
EXPOSURE

The absorbed dose rates immediately after 56Mn ingestion, cumulative
doses in 6 hours, and infinite time from 56Mn particle ingestion are
shown in Fig. 6 [6].

Because the half-life of 56Mn is only 2.58 hours, the radioactivity has
decayed to 20% after 6 hours, as illustrated in Fig. 6 [6].

The dose rate and cumulative dose due to electrons (β rays) emit-
ted by an activated powder particle depend on its diameter and distance
from the center. Larger-diameter particles deliver higher dose rates.
At 2.5 μm from the center, the tissue surrounding a 5 μm diameter
particle has an absorbed dose rate of 2.70 Gy/hour and a cumulative
dose of 8.05 Gy in 6 hours.

The cumulative dose of the tissue is shown in Fig. 7. When the
experiment was conducted 6 hours after exposure with a neutron expo-
sure time of 4000 seconds (×2), two masses of activated powder
particles were found in the lungs of rats: Shot 1 in the bronchial lumen
and Shot 2 in the damaged alveolar necrotic tissue. The cumulative
doses at a radial distance of 2.5, 5, 10 and 50 μm from the center
of the activated powder particles are 16.1, 2.82, 0.662 and 0.024 Gy,
respectively. This is double the amount shown in Fig. 6.

ACTIVATED PARTICLES COEXIST WITH IRON IN
BRONCHIAL LUMENS AND DAMAGED NECROTIC

ALVEOLAR TISSUE
We present X-ray spectroscopic imaging data from a tissue sample
taken 6 hours after inhaling 56Mn in the area of maximal Mn concen-
tration. The method used in this experiment was synchrotron radiation
X-ray fluorescence mapping with an X-ray microbeam (SR-XRF), with
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Fig. 5. A comparison of elastin and collagen deposition 8 months and apoptotic frequency 2 months after internal and external
radiation exposure to 56Mn (1×). (A) Lung sections from rats were prepared after exposure and evaluated for elastin deposition
(purple black) identified by a Verhoeff –Van Gieson stain; collagen deposition (blue) identified by an Azan–Mallory stain; the
presence of apoptotic cells (brown, black arrow) in bronchioles identified by a terminal deoxynucleotidyl transferase dUTP nick
end labeling stain; and the presence of broken elastin fibers (green arrows); original magnification 40×. Representative images of
the control rat (0 Gy), the stable Mn exposure rat, the γ 2.0 Gy irradiated rat (2.0 Gy) and the 56Mn irradiated rat are shown in
panels. Radiation-induced changes in percentage elastin area (B), percentage collagen area (C) and number of TUNEL positive
cells in bronchioles (D) were determined using cellSens Dimension image acquisition and computer-aided quantification of
sampled images. Bars, mean ± standard error of the mean (SEM) (n = 3–6). Significantly different (∗∗P < 0.01) from 0 Gy
irradiated controls (From [6]/CC BY 4.0).

Mn speciation at the point of interest determined by X-ray absorption
near-edge structure (XANES) spectroscopy. The study was performed
at the BL-4A station of the High Energy Accelerator Research Organi-
zation Photon Factory (KEK-PF, Tsukuba, Japan). Details are provided
by Shichijo et al. [6]. Shots 1 and 2 were identified as condensed man-
ganese and iron accumulations (Fig. 7). These particles had a valence
species of 4 as MnO2, which changed to divalent after lung tissue depo-
sition (Fig. 7). Inhaling radioactive manganese particles may induce
tissue damage, hemorrhage and manganese and iron clots.

EARLY CELLULAR DAMAGE TO LUNG TISSUE FROM
INTERNAL RADIATION EXPOSURE IS

NON-SPECIFIC, RAPID, SEVERE AND PERSISTENT
COMPARED TO EXTERNAL RADIATION EXPOSURE

Pathological changes caused by early cellular damage from internal
radiation exposure have a greater impact than that previously reported
for experimental animals [16, 17]. While previous studies focused on
pathological changes in the lungs caused by external very high doses
of more than 8 Gy, our findings showed that internal exposure to a
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Fig. 6. The absorbed dose rate and the cumulative dose surrounding 56Mn particles of 3, 5 and 10 μm in diameter. The dose rate is
measured during inhalation. The cumulative time is 6 hours and infinite time (∞) after inhalation. The irradiated neutrons had a
particle fluence of 4 × 1014 n/cm2 per 2000 seconds of irradiation time, which was irradiated for 2000 seconds (1×) [6].

tissue-averaged dose of 0.10 Gy can cause serious pathological changes
in the lungs (Table 1).

The local cumulative dose at the point of proximity to the radioac-
tive particles is 8 Gy, which is a very high dose (Fig. 6) that is likely suffi-
cient to induce pathological changes in the lung tissue. As a determinis-
tic effect of radiation, the threshold for pneumonitis in humans exposed
to whole-body external γ -ray has been estimated to be 6 Gy [37].
The pathological findings of internal exposure are dose-dependent
and closely related to localized radiation exposure. A new stigma of
radiation-induced pneumonitis has been suggested as the interference
with epithelial repair mechanisms characterized by high deposition of
abnormal elastic fibers (elastin stigma), emphysema and hemorrhage
that occur consecutively following an internal radiation exposure. The
early onset of these senescence-like effects as a result of localized, very
high, internal radiation dose exposure reflects abnormal elastin deposi-
tion, along with a disruption of the apoptotic tissue repair mechanisms,
as a result of the few lung tissue stem cells [38, 39] in the vicinity of
radioactive particles.

Apoptosis-dependent emphysema models have been reported [40,
41], and the apoptotic regulatory system in murine lung injury follow-
ing high-dose ionizing radiation exposure has already been studied [42,
43]. Because apoptosis was clearly observed in the bronchial epithelial
cells of the 56Mn internally exposed group at 2 months, our findings
suggest that stem cells, which are thought to reside in bronchial epithe-
lium, are damaged by internal exposure.

According to Liebow et al. [44], early Hiroshima A-bomb victims
had localized emphysema and atelectasis with or without hemorrhage.
The cause of death was presumed to be high doses of external radiation
exposure. However, interpreting the cause of emphysema was difficult
because it was unknown at the time whether they had received internal
radiation exposure. Their data were comparable to ours. Liebow et al.
[44] reported in Group I, a 13-year-old male who died on the third
day. The cause of his hemorrhage was poorly understood, but it was

thought to be mainly due to external exposure. Our findings indicate
that pulmonary emphysema and hemorrhage can occur in the early
stages at relatively low tissue-averaged doses of internal exposure and
that doses are not uniform but can be very high locally.

DISCUSSION
The 56Mn-irradiated lung had abnormally high elastin deposition
(elastin stigma). In an emphysema murine model, elastin fragments
drive disease progression [36]. In addition to high levels of emphysema
and hemorrhage, the elastin stigma reveals distinct radiation pathology
for internal exposure that differs from the collagen deposition seen with
external exposure. In our experiment, early elastin stigma and evidence
of apoptosis predicted late effects. Apoptosis in the bronchiole is
likely an indicator of stem cell damage [45], resulting in a reduced
tissue repair mechanism. Microparticles were found to be condensed
manganese and iron accumulations.

International Commission on Radiological Protection (ICRP)
defines the equivalent dose to a tissue or organ as the average absorbed
dose multiplied by a radiation weighting factor, and this is used as
an index for risk assessment [37]. The effects of unequal exposure
within tissues or organs are not considered, which may lead to an
underestimation of risk for internal exposure involving localized
high-dose radiation exposure, as in the preceding case. When a
single radioactive particle enters the body, the cells are subjected
to concentric circles of internal radiation, resulting in cell death in
concentric circles. Cells that are not in the range of radioactive particles
survive, while those that were moderately far away from the radiation
particles may have survived with their genes damaged. The radioactive
microparticles implanted expose the surrounding cells to radiation
doses ranging from low to very high. Therefore, detecting the three-
dimensional spatial distribution of these internal radiation exposure
effects of the implanted radioactive particles is critical.
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Fig. 7. Cellular damage in lung tissue 6 hours after 56Mn (2×) (A–C) and 2 months after 56Mn (1×) internal exposure (D). (A)
Accumulated dose (Gy) in the rat lung tissue surrounding inhaled 56Mn hot particles, (B) X-ray absorption fine structure (XAFS)
analysis, (C) condensed manganese and iron accumulations at the hot particle (Shot 2), and (D) apoptosis, elastin stigma, severe
emphysema and hemorrhage in the 56Mn internally exposed group (From [6]/CC BY 4.0).

The present experiments demonstrated that internal exposure of
tissue to 0.1 Gy causes serious damage, such as hemorrhage, emphy-
sema and atelectasis, whereas external exposure to 2 Gy of 60Co γ

radiation causes no such damage. It is difficult to explain the serious
damage caused by 0.1 Gy of 56Mn internal exposure, and the reasons
and mechanisms of the serious damage caused by radioactive micropar-
ticles should be clarified in the future.
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