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Summary

Mice and rats were exposed to the smoke produced by ignition of a red phosphorus pyrotechnic
composition, 1 h/d, 5d/week, at two different dose levels, together with controls. The mice re-
ceived 180 exposures, while the rats received 200 exposures. Guinea pigs also underwent 200 ex-
posures at the lower concentration, but all animals exposed at the higher concentration died during
orimmediately after the first dose. Growth of the test groups of mice and rats was depressed during
the exposure period. Organ specific toxicity appeared not to be present in rats and was generally
confined to the respiratory tract of the mice and the guinea pigs. A significantly higher proportion
of the test group mouse lungs showed aggregates of macrophages containing granules than was
present in the control group. Severe congestion was observed in practically all the lungs from the
decedent high-dose group guinea pigs.

Introduction

Obscurant white smokes have a variety of civilian and military uses. Several
types are available including those generated from zinc oxide/hexachloro-
ethane mixtures [1-3], titanium dioxide/ hexachloroethane mixtures [4] and
cinnamic acid [5,6]. Zinc oxide/hexachloroethane smokes have been shown to
produce histological changes in the lungs of animals, including pulmonary oed-
ema, alveolitis and fibrosis [2-4,7]. Furthermore, there have been numerous
case reports of lung damage being produced by zinc oxide/hexachloroethane
smoke in humans [8-15]. An alternative to zinc smokes, with, however, dif-
ferent military uses, is the ignition of phosphorus compositions: red phospho-
rus burns to phosphorus pentoxide and, when ignited in conditions of normal
humidity, gives rise to a strongly hygroscopic aerosol consisting largely of or-
thophosphoric acid [16].

The acute inhalation toxicity of a red phosphorus smoke was studied by
Ballantyne [17]. The 1-h LC;, was 271 (196-670) for the mouse, 1217 (970~
1489) for the rat, 61 (52-80) for guinea pigs and 1689 (1200-3586) for rabbits
(mg/m?, with 95% confidence limits). Laryngeal and tracheal necrosis and
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acute inflammatory changes were seen in the decedents. In another study [18]
rats and rabbits were exposed to single sublethal doses of one of two different
red phosphorus smokes: rabbits killed at 24 h showed acute inflammation of
the larynx and trachea and, in some cases, necrosis. Alveolitis was also seen.
About half of those killed at 14 d showed laryngeal and tracheal inflammation,
and all had some degree of alveolitis. Changes seen in the rats were similar and
pulmonary congestion was also observed. The response to the two smokes,
produced from the pyrotechnic compositions was similar. Despite these find-
ings in the respiratory tracts of experimental animals, the use of red phospho-
rus smokes does not seem to have produced case reports of serious human
poisoning. Nevertheless, as part of a continuing programme of study into the
health effects of military smokes, we have investigated the repeated dose tox-
icity of a smoke produced from a red phosphorus pyrotechnic mixture.

Method

Animals

Three hundred 23-d old Porton-strain female mice, of mean weight 16.0 g,
150 41-d old Porton Wistar-derived female rats, of mean weight 113 g, and 138
41-d old Dunkin-Hartley female guinea pigs, of mean weight 350 g, were sup-
plied by the Animal Breeding Unit, CDE Porton Down. The animals were
randomly allocated into groups of approximately equal sizes, designated con-
trols, low and high. This resulted in groups of 100 for the mice and 50 for the
rats. The size of the dose groups of guinea pigs was 48 in the case of the control
and low dose group, while there were 42 high dose group guinea pigs. Groups
of animals were then subdivided. In the case of the mice, subdivision was into
groups of ten to a cage, whilst the rats were divided into subgroups of five: the
guinea pigs were similarly subdivided and housed as groups of six. Special pre-
cautions were not taken to prevent huddling, despite the possibility that this
might reduce the inhaled dose. This was because a limited study suggests that
huddling does not to affect the inhaled dose of toxicant, at least in the case of
rats [19]. Between exposures, the animals were housed in special accomoda-
tion near to the inhalation unit, and then, after the last exposure, transferred
to permanent accommodation.

Generation of the smoke

The pyrotechnic mixture was supplied by Dispersion Division, CDE. This
mixture (Table 1) was in the form of granules. A measured amount of the
material, the quantity depending on the desired concentration, was ignited
with a fusee match in a static 10 m® chamber. To assist combustion a jet of air
was blown over the burning pyrotechnic mixture.
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TABLE 1

Composition of the pyrotechnic mixture

Amorphous oiled red phosphorus  95%
Polyvinyl butyral BL18 5%

Exposure

The animals were exposed to the freshly generated smoke, 1 h/d, 5d/week,
until, in the case of the mice, they had experienced 180 exposures. Animals
from the other two species underwent 200 exposures (i.e. 40 weeks; Table 2),
except for the high-dose group of guinea pigs, all of which died during the
exposure period. The high dose was one that was considered to be likely to
produce definite toxicity in mice, but which, on a single dose basis, would be
likely to be sublethal. The lower dose was intended to be about 1/8 of the high
dose. Corresponding groups of each species were exposed together, starting
with exposure of the controls to air within the chamber and ending with ex-
posure of the high dose group. Because the concentration of smoke fell during
exposure, the pyrotechnic mixture, in the form of fresh granules, was ignited
to maintain the desired concentration. During the half-hour interval between
exposure of the various dose groups, the chamber was thoroughly cleaned of
detritis: at the end of the high dose exposure, the chamber was well-washed
twice.

The smoke was sampled by drawing air at 5 1/min through GF/B filter pa-
pers. Filter papers were eluted into 40 ml of 1.25 N sulphuric acid. After filtra-
tion, a 4-ml aliquot was added to 5 ml 0.25% ammonium molybdate and 1 ml
0.06% hydrazine sulphate. This was mixed well, heated at 80°C for 20 min and
cooled and made up to 10 ml with 1.25 N sulphuric acid. The optical density of
the resultant solution was read against a standard curve made using solutions
of potassium dihydrogen phosphate in 1.25 N sulphuric acid. Eight samples of
5 min duration and 9 samples of 30 s duration were taken in the low and high
dose exposures respectively. The impacted mass of smoke was weighed, allow-
ing calculation of the concentration of solid material during exposure. Results
were expressed as mg/m® phosphorus. The particle size of the smoke was not
determined.

During the exposure period animals were examined for abnormal behaviour
or ill-health. They were weighed weekly during exposure, and the mean whole
body weight of each dose group of animals, relative to the mean weight of the
corresponding controls was regressed against time. Animals showing clinical
signs suggestive of ill-health were killed using sodium pentobarbital: those alive
at the end of the study (19 months after the start of exposure) were similarly
killed. Animals killed or found dead were examined post-mortem. At autopsy,
lungs, larynx, trachea, liver , kidneys, spleen, thymus, mammary glands, sali-
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TABLE 2

Concentration of smoke exposures, total dose received and duration and number of exposures
during the study

Species Dose-group  No. of Exposures Duration  Number of
animals h exposures
Conc* Dose
mgm~? mg min m~*
Mice Control 100 0 0 1 180
Low 100 16.2+4.3 175,222 1 180
High 100 128.5+29.8 1,388,080 1 180
Rats Control 50 0 0 1 200
Low 50 16.619.8 199,504 1 200
High 50 127.5+385 1,530,274 1 200
Guinea-  Control 48 0 0 1 200
Pigs Low 48 16.619.8 199,405 1 200
High 42 1275385 P 1 b

2+ 8.D. (as phosphorus).
YNo guinea pig survived to the end of the exposure period in this group. Consequently the mean
concentration represents the mean had they survived to 200 exposures.

vary glands and adrenals and thyroids, ovaries, heart, pancreas, oesophagus,
stomach, small and large intestine were taken. In mice mesenteric lymph nodes
were taken in addition to the above organs, while cervical lymph nodes were
examined in the rats and guinea pigs. In rats, but not in the other two species,
the pituitary gland, brain, uterus and a portion of skin were also examined
microscopically. In the case of the high dose group guinea pigs, only the lungs
were examined. Any other organ showing any macroscopical abnormality was
also processed. After fixation in neutral buffered formalin, sections 5+ 2 um
thick were cut and stained with haematoxylin and eosin. Histological data were
recorded and analysed using a PLACES data acquisition system (Apoloco Ltd.,
90 King Street, Newcastle-under-Lyme, England, ST5 1JB, UK). This pack-
age was run on a Micro VAX II minicomputer (Digital Equipment Corpora-
tion, Maynard, MA, U.S.A.).

Statistics

The number of decedents were insufficient for statistical analysis of histo-
logical data. Amongst the survivors, the frequency of histological changes in
animals from the test groups was compared to that in the corresponding con-
trol groups, using Fisher’s exact test. The mean weight of the test groups di-
vided by the mean weight of the corresponding control group was regressed
against time. The significance of the linear relationship was estimated from
the ratio of the variances attributable to the regression compared to the resid-
ual (F-test).
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Results

Exposure
The exposure concentrations were close to the anticipated concentrations
of 15 and 130 mg/m?®.

Survival

The study was remarkable for the high decedency in many groups (Table 3).
Thus, in the case on the mice, more than 50% died in each dose group during
the study. However, in this species, a smaller number of controls died than in
the low-dose group (59% versus 63% ). On the other hand there appeared to be
a clear excess of deaths in the high-dose group, in which about 80% died. Among
the rats, death rats were similar in the three dose groups, while in the guinea
pigs, 15% and 38% died before the end of the experiment in the control and
low-dose group respectively. All guinea pigs in the high-dose group died during
or immediately after the first exposure.

Growth

The weight of the low-dose group mice, relative to the controls, decreased
during exposure, especially over the first 40 days (P<0.05). A greater, more
consistent and more significant fall was seen in the high-dose group mice
throughout the exposure period (P<0.001). The relative weights of both test
groups of rats fell throughout the exposure period, at a somewhat higher rate
in the case of the high-dose group animals than in the low-dose group (Fig. 1).
In the case of both groups, statistically significant relationships were revealed
(P<0.001). The relative weight of the low-dose group of guinea pigs rose dur-
ing exposure.

TABLE 3

Numbers of animals dying before completion of the study

Species Dose-group Total dying Total number
of animals
During During in group
study exposure
Mice Control 59 24 100
Low 63 21 100
High 78 45 100
Rats Control 13 1 50
Low 12 2 50
High 10 1 50
Guinea- Control 7 3 48
Pigs Low 18 10 48

High 42 42 42
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Fig. 1. Mean weight of test groups of rats relative to the controls during exposure.

Early deaths

Twenty control mice, 7 of which died during exposure had microscopic ap-
pearances consistent with severe chronic murine pneumonia. A further two
had a milder form of the same condition. In some animals aggregations of mac-
rophages were seen in the alveoli or bronchioles. Alveologenic carcinoma was
not seen in the lungs from decedents of this group. One (thymic) lymphoma
was seen in an animal dying during the observation period, as well as a uterine
sarcoma in another mouse. Several animals showed salivary gland abscesses.
Among the low dose group decedents, histopathological appearances were gen-
erally similar. Thirty out of 63 animals had severe chronic murine pneumonia,
with a similar proportion being affected in those dying during exposure and
those dying during subsequent observation. A further 3 had a milder form of
the same changes. In many of the animals aggregates of macrophages were seen
in the alveoli and/or bronchioles. One alveologenic carcinoma was seen in an
animal dying during the observation period. Four lymphomas were seen, none
involving the thymus. In two cases lymphomatous infiltration was seen only
in the lymph nodes, while in another the liver was additionally affected. The
fourth lymphoma involved lymph nodes, liver and spleen. Although there were
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many decedents in the high dose group, histological appearances were similar
to the other groups. Severe chronic murine pneumonia was observed in 36 out
of 78 mice, while three had the less severe form of the same changes. As in the
other groups, macrophage aggregations were often seen in the alveoli or bron-
chioles. Neither alveologenic carcinoma nor lymphoma was seen in the high
dose group decedents.

Among the decedent rats, these was only one animal, a rat with pyelone-
phritis, that died during the exposure period in the control group. Those con-
trols dying during the observation period had lungs free from significant his-
tological abnormalities. However, in this group, there was a single case of focal
hepatic necrosis and two of focal portal fibrosis. Twelve animals showed evi-
dence of rat nephropathy, while 4 fibroadenomas of the mammary glands were
seen, Furthermore, there was an adrenal cortical adenoma and a pituitary ad-
enoma. Histological changes in the low-dose group animals were similar: two
died during the exposure period, with focal portal fibrosis and acute pyelone-
phritis respectively. One animal dying during the observation period had em-
physema, while 3 had evidence of lymphomatous infiltration in the lung and
the liver. In one instance this infiltration was additionally present in the kid-
neys and adrenal gland: in another, lymphomatous infiltration was also pres-
ent in the spleen. Rat nephropathy was common as in the controls, but only
one fibroadenoma and one fibroma of the mammary gland was seen. In the
high dose group, very mild pulmonary oedema was observed in a single animal
dying during exposure, while foam cells were present in the lungs of another.
Two decedents showed portal fibrosis, one exhibited acute pyelonephritis and
a fibroadenoma of the mammary gland was seen. Additionally there was one
squamous cell carcinoma of the skin and 4 pituitary adenomas.

Lymphoid foci were frequent in decedent guinea pigs of all groups. Intersti-
tial nephritis was also common. Among the control animals, one showed ag-
gregates of macrophages in the lungs, while another had focal necrosis of the
liver. In the low-dose group, pulmonary oedema was seen in two guinea pigs
dying during the exposure period and a lung abscess in a third. Bile duct hy-
perplasia, an abscess in the abdominal cavity and a uterine fibroid were each
seen on single occasions in animals dying during the observation period. At
autopsy of the high-dose group guinea pigs, which all died in the first day of
the study (see above), only the lungs were taken for histological processing
and study. Macroscopically, there was haemorrhage and collapse, while mic-
roscopically there was severe congestion with in some instances mild to mod-
erate oedema.

Survivors

Histological changes observed in mice that survived to the end of the exper-
iment are shown in Tables 4-6. Abnormalities were not seen in the mammary
glands, pancreas, thyroid, oesophagus, duodenum, jejunum, ileum and colon,
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TABLE 4

Selected histological changes seen in mouse survivors after exposure to the smoke

Organ and histological change Dose group
Control Low High
(41)= 37) (22)

Lung

Alveologenic carcinoma 2 5 2

Alveolar aggregates of macrophages with granules 2 gb 9°

Bronchiolar aggregates of macrophages with granules 13 8 5

Interstitial pneumonitis 1 4 3

Bronchiectasis 1 1 1

Perivascular lymphocytic infiltration 10 20 10

Peribronchial lymphocytic infiltration 33 27 17
Larynx

Epithelial lymphocytic infiltration 29 25 20

Intraluminal pus 1 0 0
Trachea

Epithelial lymphocytic infiltration 10 14 3
Lymph nodes (mesenteric)

Lymphoma 0 1 0
Thymus

Lymphoma 0 3 0
Heart

Focal arteritis 0 1 1
Liver

Perivascular lymphocytic infiltration 0 2 0

Periportal lymphocytic infiltration 0 1 0

Hepatoma 1 0 0

Hepatocellular carcinoma 1 0 0
Spleen

Lymphoid hyperplasia 0 1 0
Kidneys

Lymphocytic infiltration 29 18 10

Chronic interstitial nephritis 0 2 1
Adrenals

Lymphocytic infiltration 0 1 0
Non-Protocol organs,
Cervical lymph nodes

lymphoma 0 3 0

2Group size.

® P <0.05: significantly more frequent in test group than controls.
¢ P<0.001: significantly-more frequent in test group than controls.
4 P <0.05: significantly less frequent in test group than controls.
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TABLE 5

Selected histological changes seen in rat survivors after exposure to the smoke

Organ and histological change Dose group
Control Low High
(37)° (38) (40)*

Lung

Alveolitis 4 5 3

Peribronchiolar lymphocytic infiltration 32 37 36

Perivascular lymphocytic infiltration 16 17 22

Oedema 0 0

Emphysema 0 2 1
Larynx

Submucosal lymphocytic infiltration 1 1 0
Trachea

Submucosal lymphocytic infiltration 1 0 0
Mammary Glands

Lipoma 0 0 1

Fibroadenoma 2 1 1

Duct ectasia 5 5
Thyroid

Cystic changes 4 4 7
Liver

Nodular hyperplasia 1 3 0

Focal periportal fibrosis 12 14 16
Pancreas

Arteritis 1 1 0
Spleen

Megakaryocytopoesis 0 2 0
Kidneys

Nephropathy 29 20° 20b

Interstitial lymphocytic infiltration 19 8 5*

Nephrocalcinosis 8 6 . b
Adrenal

Nodule 0 2 1

Medullary haemorrhage 6 7
Pituitary

Adenoma 1 1 5
Uterus

Adenomatous polyp 0 0 1

0 0 1
2 0

2Group size.
bSignificantly less frequent than controls (P<0.05).
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TABLE 6

Selected histological changes seen in guinea pig survivors after exposure to the smoke

Organ and histological change Dose group

Control Low
(41)® (30)°

Lung
Peribronchiolar lymphocytic infiltration 1 1
Perivascular lymphocytic infiltration 30 29
Pleural thickening 1 0
Alveolar macrophages 1 0
Congestion 41 29
Bronchopneumonia 1 1
Abscess 1
Mammary gland
Lipoma 0 1
Heart
Scarring (focal) 1 0
Liver
Focal necrosis 0
Biliary hyperplasia 1 0
Patchy fibrosis 1 0
Pancreas
Islet cell adenoma 0 1
Kidney
Chronic interstitial nephritis 17 21°
Nephrocalcinosis 20 22
Ovary
Serous cyst 16 20
Non-protocol organs,
Gall bladder
Cholecystitis 1 0

2(Group size.
®Significantly more frequent in test animals (P <0.05).

while all stomachs examined, except for one from a high-dose animal, were
normal. The exception showed ulceration. In the salivary glands, one instance
of lymphocytic infiltration and of a cyst could be seen, both in animals from
the control group. Lymphomas were seen only in the low-dose group, where
there were three. All were of thymic origin and additionally involved the cerv-
ical lymph nodes. In one case the mesenteric nodes that were examined were
also affected.

There were no dose-related changes in the rat lungs: in all groups of rats, a
high proportion had pulmonary collapse and congestion. Two animals, from
the high-dose group, had intra-alveolar oedema. Most extra-respiratory organs
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were normal, including the heart, lymph nodes, salivary glands, urinary blad-
der, skin, oesophagus, stomach, duodenum, jejunum, ileum and colon, and brain.
All ovaries were normal except for one from a control animal with a serious
cyst.

Since no high-dose group animal survived the study, histological changes
observed in guinea pig tissues were only analyzed statistically in case of the
controls and low-dose group. The prevalence of histological changes in the two
groups was similar in both respiratory and extra-respiratory organs. A possible
exception was the frequency of chronic interstitial nephritis, which was sig-
nificantly more common in the low dose group (P <0.05). Among the inciden-
tal findings, lymphoid nodules were seen in the lungs of the survivors, as in the
decedents. No histopathological abnormality was observed in the trachea, lar-
ynx, salivary or adrenal glands or in the thyroid, thymus, spleen or gut (oeso-
phagus, stomach, duodenum, jejunum, ileum, colon). Among the non-protocol
organs, two control gall bladders were abnormal, one with acute cholecystitis
and one with chronic cholecystitis. Two control urinary bladders had squa-
mous metaplasia. One from the control group and one from the low-dose group
had chronic inflammatory changes.

Discussion

There was a marked species difference in tolerance to the smoke; rats were
most resistant, guinea pigs least and mice occupied an intermediate position.
Similar species differences have been observed in previous studies, although
the death rate in the high-dose guinea pigs, in the present study, was excep-
tional [3,6,19-22]. The concentrations used here represent, in mice, less than
one half and 1/17 of the single dose LC;, reported by Ballantyne [17] for the
high and low dose groups. In the rats the concentrations used in the present
experiment were equal to 1/10 and 1/75 of the L.Cs,. On the other hand Bal-
lantyne [17] reported a single dose L.Cj, in guinea pigs which was less than
half the high concentration used in the present study. The favourable survival
figures observed in rats and the high mortality in the high-dose group of guinea
pigs is thus readily explicable. Thus the use of a high dose that was, as intended,
toxic to mice but also sublethal, produced death in guinea pigs and hardly af-
fected the rats. This was, of course, the consequence of using the same exposure
concentrations in the three species. The survival figures in the present study
are rather more difficult to compare with the sublethal study in rats [18],
because in that study the duration of exposure was only 30 min. In that study
a total of 5 out of 30 rats, exposed to two different concentrations of red phos-
phorus smokes, died.

Except in the case of the guinea pigs, growth was reduced in all the test
animals, Moreover, it was not possible to demonstrate a no-effect-dose for
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depression of growth. Furthermore, the smoke affected survival in the mice
and the guinea pigs. By contrast, rat survival was unaffected.

With the exception of the high-dose group guinea pigs, decedents mostly
failed to show pathological changes, either in the respiratory tract or elsewhere,
likely to have been a consequence of exposure to the test material. On the other
hand the high-dose guinea pigs, all of whom died during or just after the first
exposure, showed pulmonary congestion accompanied, in some cases, by hae-
morrhage and collapse, all of which were undoubtedly responses to the smoke.
In all species the scanty chariges seen in survivors mostly appeared to be inci-
dental. An exception was the observation of aggregations of macrophages found
in lungs of the test groups of mice. These have been described in previous
repeated dose studies in which military smokes were tested [3], and may, in
part, be caused by secondary infection. Histological changes related to the test
material were not seen in the rats or surviving guinea pigs and the absence of
such signs may have been due to the long observation period.

Incidental findings of interest, in the present study, included renal disease
in all three species: chronic interstitial nephritis was seen in the mice and
guinea pigs and nephropathy in the rats [23-26]. A number of alveologenic
carcinomas was observed in mice, but this finding was not frequent and there
was no indication of a dose response in the prevalence of the tumour in the
different groups: no attempt was made to separate these neoplasms into benign
and malignant as is sometimes done [27], and the criteria for histopathological
diagnosis were those of Stewart et al. [28,29]. The presence of lymphoid nod-
ules, seen in the lungs of both decedent and surviving guinea pigs, is well-
recognised as a frequent incidental finding of unknown origin, in this species
[30,31].

Despite the fact that red phosphorus smoke is largely an aerosol of ortho-
phosphoric acid, which has a pK, of about 2, for its first proton [32], specific
damage to the respiratory tract has only rarely been seen in the present study.
If, at the end of exposure, damage was present, it had been reversed by the end
of the observation period. This suggests that delayed and incompletely revers-
ible changes, similar to those seen in animal studies of the toxicity of zinc
oxide/hexachloroethane smoke, are unlikely to occur with phosphorus smokes.
Assuming that the experimental animal data correlate with human experi-
ences, with both smokes, the latter is much less likely to give rise to long term
respiratory impairment than the former. On the other hand, the very marked
species differences in lethality, observed in the present study, must indicate
caution in quantitative extrapolation to humans of the study data, reinforced
as they are by major differences in acute lethality figures [17]. Thus there
would be considerable difficulties in producing exposure limits for the use of
the smoke, from present and past lethality data [17,18]. Whilst it is reasonable
to assume that the guinea pig death rate is due to the peculiar sensitivity of
that species to irritant aerosols [33], no similar explanation can be supplied
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for the discrepancy between the lethality observed in the mouse and rat, nor
are there data on which to base a choice of the most suitable species for ex-
trapolation to man. A threshold limit value-time weighted average (TWA) of
1 mg/m? and a short term exposure limit (STEL) of 3 mg/m? has been adopted
for phosphoric acid by the American Conference of Governmental Industrial
Hygienists [34]. The TWA, which is, of course, for an 8 h exposure, is difficult
to compare with the present study, since it is designed for pure phosphoric acid.
By contrast the smoke used in the present study is likely to contain many
compounds in addition to orthophosphoric acid [16]. Such compounds might
include cyclotetraphosphoric and other polyphosphoric acids, as well as small
amounts of phosphine, produced from phosphorus trioxide.
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