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Abstract

Radiotherapy to the head and neck is a common treatment for malignancies of the region. Unfortunately, exposure to irradiation
often results in a variety of complications, most of which are localised and expressed in the short term following irradiation.
However, prolonged and systemic effects may have greater clinical importance as the survival rate of head and neck irradiated

patients is increasing yearly. Six groups of 18–20 rats were evaluated during a 1 year study. The non-irradiated control group was
compared with 2.5 Gy, 5, 7.5, 10 and 15 Gy irradiated groups. We found a dose-dependent reduction in both survival and body
weight in our rat models following a delayed, prolonged and chronic process. Dying animals were emaciated, dehydrated and
starved, and many were blind and immunocompromised. While the exact underlying mechanism of this delayed, but devastating,

phenomenon has not yet been determined, the delayed xerostomia inflicted on these animals may, at least partially, explain it. The
clinical implications for head and neck patients require further evaluation, but our data should be considered, in the context of the
available evidence for the long-term effects of head and neck irradiation in humans. # 2001 Published by Elsevier Science Ltd.
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1. Introduction

Irradiation (IR) delivered to the head and neck is a
commonly used therapy for regional malignancies. The
usual total IR dose is relatively high (30–80 Gy), often
resulting in a variety of side-effects involving tissues and
organs exposed within the IR field. The relatively widely
studied complications are mainly regional, including
xerostomia, osteoradionecrosis, swallowing disorders,
carotid artery rupture, oropharyngeal mucositis or
hypogeusia. Most of these regional complications are
inflicted during the short-term post-IR [1–5]. Unfortu-
nately, studies of late systemic complications due to
head and neck IR are extremely scarce, although some
persistent regional complications have been described,
including sight and hearing impairment, accelerated
stenosis of the carotid artery, glottic erythema and
thyroid hypofunction [6–15]. This is a major omission,
as the survival rate of head- and neck-irradiated
patients is constantly increasing, and examining and

treating such late effects may be of great clinical impor-
tance. In two recently published studies, we elaborated
on the significant long-term salivary effects of head and
neck IR in a rat model. Those studies further emphasise
the clinical significance of the extended and prolonged
effects of such irradiation. In this study, we chose to use
the same rat model to evaluate the generalised systemic
effects of head and neck IR [16,17]. Thus, the purpose of
this study was to examine various systemic parameters
during the first year following acute exposure of the rat
head and neck region to irradiation. We chose the rat
model as it is the most widely examined in the field,
often used to evaluate localised head and neck IR effects
such as induced xerostomia [18–29] or the induction of
salivary gland tumours [30–32]. We also evaluated the
validity of this animal model for studying human
developmental abnormalities.

2. Materials and methods

2.1. Animals

Male Wistar rats weighing 250–300 g were purchased
from Harlan-Sprague Dawley (Walkersville, MD, USA).
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They were kept in polycarbonate cages under an alter-
nating 12 h light:dark cycle. Animals were maintained
on laboratory chow and water ad libitum. All experi-
ments were performed in accordance with the Research
Animal Care Committee of Rambam Medical Center
and Faculty of Medicine.

2.2. Irradiation

Rats were anaesthetised by an intraperitoneal (i.p.)
injection of sodium pentobarbital, 30 mg/kg (Somnifer,
Richmond Veterinary Supply, Richmond, VA, USA),
weighed and then placed in a box with a 3-mm lead
shield, so that only the head and neck regions were
exposed. The animals were irradiated with a single acute
exposure of 2.5, 5, 7.5, 10 or 15 Gy delivered by two
opposing 250 kV therapeutic X-ray tubes (Philips Med-
ical System Inc.) operated at 235 kV, 15 mA, with an
output of 1.26 Gy/min at 54 cm. All irradiation was
carried out between 8:00 a.m. and 12:00 noon. Control
animals were anaesthetised, but had no radiation deliv-
ered.

2.3. Body weight

Rats were housed three per cage until they reached
500 g of body weight; after that they were housed two
per cage. All animals were weighed weekly until the age
of 2 months. Then they were weighed on a monthly
basis until the end of the study period.

2.4. Pathology, histology and organ harvesting

Rats were completely euthanised by CO2 breathing
and the following tissues were evaluated histologically
after gross general pathological examination: brain,
pituitary, tongue, oral and oesophageal mucosa, sali-
vary glands, eyes, lachrymal glands, thymus, thyroid,
maxillary and femoral bone marrow, cervical lymph
nodes, trachea, lung, pancreas, kidney, duodenum, sto-
mach, liver, heart and spleen. The last three organs and
the epididymal fat (E. fat) were weighed as well. The
evaluation was performed on control and 15 Gy groups
at 2, 6 and 9 months post-IR.

2.5. Blood composition

Blood samples were collected via intracardial
approach from rats lightly anaesthetised by breathing
methophane at 1.5, 3 and 6 months post-IR for the
control and 15 Gy irradiated groups. Blood composi-
tion was analysed by routine laboratory methods mea-
suring the following parameters: haematocrit, complete
blood count (CBC), differential, interleukin-6 (IL-6),
total protein, glucose, triglycerides, uric acid, creatinine
and the enzymes amylase and alkaline phosphatase.

2.6. Food replacement study

At 4 months post-15 Gy IR, the hard chow of four
rats was replaced by powdered chow with the same
nutritional content per weight unit. Three rats from the
same group, equally irradiated, were maintained con-
tinuously on the hard chow, as were two controls from
the same group of animals which were sham-irradiated.
The body weight and food consumption of the nine
animals were examined daily. Water and food were
supplied ad libitum and the animals were housed sepa-
rately, one per cage. The study was conducted for a
month.

2.7. Taste preference study

Standard two-bottle preference tests were performed.
At 12 months post-IR, four 7.5 Gy IR rats with a mean
body weight of 637 g were compared with four similarly
aged control rats with a mean body weight of 821 g. All
testing used pairwise caged animals, each test consisting
of presenting the animals with the opportunity to drink
from a bottle containing distilled water and another
bottle containing a test stimulus over a 7 h period. Pre-
ferences were measured, using several taste qualities: 0.3
M (sweet), 0.1 M NaCl (salty), 10 mM citric acid
(acidic) and 1 mM quinine sulphate (bitter). Side pre-
ferences were avoided by switching the bottles three
times during the first 15 min. After each test, the ani-
mals were deprived of water for 17 h and, between test
stimuli, water consumption was measured for two test
periods before commencing with a new stimulus. Pre-
ferences were calculated from two test periods for each
stimulus and were expressed in mean percent preference
over distilled water, a positive value indicating pref-
erence and a negative value indicating aversion. Addi-
tionally, taste buds containing papillae of the tongue
were viewed with a light microscope to see if there were
morphological differences between control and irra-
diated rats.

2.8. Statistical analysis

Significant differences of data evaluated were resolved
with a paired Student’s t-test. Values are expressed as
means�standard errors of the mean (S.E.M.); (*) and
(**) denote P<0.05 and P<0.01, respectively.

3. Results

3.1. Survival

All the control 2.5 Gy (except for three animals who
were sacrificed, as described below) and 5 Gy rats sur-
vived the entire 12 month study period. In contrast, in
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the 7.5, 10 and 15 Gy groups there were delayed (later
than 3 months post-IR) dose-associated animal deaths.
In the 15 Gy group, 12/30 of the animals died during the
acute post-IR phase (2 weeks) (Fig. 1) and thus 18 irra-
diated animals in the 15 Gy irradiated group were left
for the rest of the study. Later on, 10 of these 18 rats
died during the 3–9 month post-IR period and the
remaining animals were sacrificed for examination pur-
poses. In the 10 Gy group, 7/23 died during the 3–9
month post-IR period and another 5/16 during the 9–12
month post-IR period. In the 7.5 Gy group, 1/17 died
during the 3–9 month post-IR period and another 3/16
during the 9–12 month post-IR period (Fig. 1). All
deaths occurred following a prolonged period of ema-
ciation (extensive fatty tissue wasting) and body weight
loss, except for three 2.5 Gy animals who developed
tumours for which they were sacrificed (discussed
below).

3.2. Body weight

Until the 2–3 month period post-IR, there was con-
tinuous body weight gain for the control and irradiated
animals, with one exception, a 15 Gy animal who actu-
ally lost weight during the first post-IR week and later
regained it. At 2–3 months, the 15 Gy group and, at 6
months, the 10 Gy group started to lose weight. Starting
from day 0, there was an IR dose–response effect on
body weight gain of all irradiated animals (Fig. 2).
Thus, at 9 months post-IR, the mean body weight of the

control animals was 750�10 g, while that of the 7.5, 10
and 15 Gy groups were reduced by 21, 36 and 55%,
respectively (P<0.01) (Table 1, Fig. 3). At 12 months
post-IR, the mean body weights of the 7.5 and 10 Gy
groups were reduced by 27 and 48%, respectively
(P<0.01) (Fig. 2).

3.3. Organ weight

At 2, 6 and 9 months post-IR, the weights of the liver,
heart, spleen and E. fat of control and 15 Gy rats were
obtained (Table 1). The ratio between IR:control (% of
control) values for the heart, spleen and total body

Fig. 1. The survival rate of irradiated [(IR)] versus control animals: by

2 weeks post-IR, only 15 Gy IR rats had died. By 9 months post-IR,

the survival rates of 7.5, 10 and 15 Gy IR animals were significantly

reduced (P<0.01) in comparison to the 2.5 and 5 Gy IR and control

animals. By 12 months, no 15 Gy IR rats were available for analysis

and 7.5 and 10 Gy IR rats had a lower survival rate than at 9 months.

Fig. 2. Mean body weight of control and 2.5–15 Gy irradiated rats

through a year of follow-up: the number of animals is noted in par-

entheses on the day the last measurement was obtained. **denotes a

statistical significance of P<0.01 and is presented only for the 9 and

12 month measurements. w, weeks; m, months.

Fig. 3. Close distance photograph of control and 15 Gy irradiated rats

at 9 months post-irradiation: the observed oral tubes were used to

demonstrate the severely IR-induced salivary hypofunction, described

elsewhere [16].
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weights at 2, 6 and 9 months and for liver and E. fat at 2
months were similar (Fig. 4). However, at the later time
points, 6 and 9 months, the ratios for liver, and even
more so for E. fat, dropped to lower values in compar-
ison with those for total body, heart and spleen weights.
Thus, the IR:control ratio values at 6 and 9 months for
the liver were 0.42 and 0.30, respectively, and for the E.
fat 0.21 and 0.20, respectively (Fig. 4).

3.4. Pathology

The following changes were seen in the irradiated rats:
parotid and submandibular atrophy, lymphocyte infil-
tration and acinar nuclear hypertrophy of lachrymal
glands, cataracts, femoral and mandibular bone marrow
hypoplasia, liver and thymus atrophy, dermatitis of the
head and neck region, emaciation, incisor malocclusion,

tongue ulcers and neoplasms. In contrast, no histo-
pathological differences could be found in the examined
pituitary, brain or thyroid tissues of irradiated rats.
Splenic haemosiderosis was found in both the irradiated
and control rats, and we assume that it is an age-related
change and not related to IR; its incidence increased in
both populations by age.

. Parotid gland atrophy was found in the 9 month
2.5 Gy rat (1/1 examined), in the 6 month 15 Gy
rat (4/4 examined), and in the 11 day 15 Gy rat in
which it was probably unrelated to the IR because
the collagen appeared mature. Thus, parotid gland
atrophy was observable after 6 months following
higher doses of IR.

. Submandibular gland atrophy was found in the 2
month 15 Gy (1/2), 6 month 10 Gy (1/1), 9 month
7.5 Gy (1/1) and 10 Gy (1/1) rats. Submandibular
gland atrophy was observed routinely after 6
months following a 2.5 Gy and higher dose.

. Lachrymal gland: Lymphocytic infiltrates were
found in a 6 month 15 Gy rat, but not in the nine
month 2.5 Gy or 11 day 15 Gy rats. Nuclear
hypertrophy (increased variation in nuclear size of
the acinar cells) with some hypertrophied nuclei
(2–3�normal size) was found in the 9 month 2.5
and 7.5 Gy rats, but not in the 11 day 15 Gy or the
6 month 15 Gy rats. Thus, lymphocytic infiltration
of the lachrymal gland was induced by a high dose
(15 Gy) and nuclear hypertrophy by a low dose of
IR, and both after a long latent period (over 6
months).

. Cataracts were found to be dose-related following
a long period and high doses of IR. At 12 months,
9/13 7.5 Gy rats (69%) and 9/11 10 Gy rats (81%)
had cataracts (Fig. 5). In contrast, cataracts were
not found in 11 day 15 Gy or 9 month 2.5 Gy
rats.

. Bone marrow hypoplasia was found in the femor
of 6 month 15 Gy rats (2/3 examined) and one 9
month 7.5 Gy rat. Bone marrow hypoplasia was
also found in the mandible in three rats, one 11
day 15 Gy (1/5 examined) and two 9 month 15 Gy

Table 1

The mean values of body and organ weights of 15 Gy irradiated versus control rats at 2, 6 and 9 months

2 months 6 months 9 months

Control (n=3) Irradiated (n=3) Control (n=4) Irradiated (n=7) Control (n=2) Irradiated (n=3)

Body weight (g) 538.0�33.0 423.6�22.9 661.6�32.5 309.1�31.5 750.0�10.0 335.0�25.6

Heart weight (g) 1.9�0.3 2.3�0.7 2.2�0.2 1.1�0.0 1.9�0.1 1.1�0.1

Spleen weight (g) 0.7�0.2 0.8�0.0 0.9�0.1 0.5�0.0 1.0�0.0 0.5�0.0

Liver weight (g) 21.5�0.9 17.3�1.7 25.8�3.1 11.0�0.8 31.7�0.3 9.6�0.1

Epididymal fat weight (g) 4.7�0.2 5.3�0.8 7.8�1.0 1.7�0.2 9.0�0.2 1.8�0.3

The most profound reductions were noted for epididymal fat and liver at 6 and 9 months. The weight reductions of these tissues overrode the

amount of body weight reduction, unlike the reductions in spleen and heart weights which were similar to that of the body weight reductions.

Fig. 4. Values of the ratio between mean body and organ weights of

15 Gy irradiated and control animals at 2, 6 and 9 months: calcula-

tions were made according to the results presented in Table 1. Values

for E. fat at 9 and 12 months and liver at 12 months post-IR were

significantly lower (P<0.01) than those of body weight, indicating the

major tissue targets involved.
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(2/3 examined) rats; this seems to be directly IR-
induced.

. Liver and thymus atrophy: Liver atrophy was
found in five animals: 6 month 10 Gy (1/1 exam-
ined), 15 Gy (2/7 examined), nine month 2.5 Gy
(1/2 examined), 7.5 Gy (1/1 examined). Histologi-
cally, hepatocytes were 0.5–0.8 the size of control
hepatocytes due to the reduced volume of cyto-
plasm, always occurred in emaciated animals, and
were probably secondary to the reduced volume.
Thymus atrophy was found in 15/19 of the exam-
ined irradiated rats.

. Malocclusion (overeruption of unground anterior
incisor teeth) was found only in long-term animals
(6–9 months) for all IR doses and always resulted
in emaciation. Three of four animals examined
also had submandibular atrophy, while 4/4 had
thymic atrophy.

. Skin dermatitis was found in the head and neck
region of all the 11 day 15 Gy rats examined. His-
tologically, the lesion is compatible with IR-
induced dermatitis.

. Tongue ulcers were found in 6/9 animals at 11
days after 15 Gy, but not in long-term irradiated
animals. All the animals with tongue ulcers were
emaciated.

. Emaciation was found in 10/13 examined animals:
11 day 15 Gy (5/5 examined), 6 month 10 Gy (1/1
examined) and 15 Gy (1/2 examined), 9 month 2.5
Gy (1/2 examined),10 Gy (1/1 examined) and 7.5
Gy (1/2 examined). Emaciated animals had the

following other changes: parotid gland atrophy (1/
8), submandibular gland atrophy (3/9), lachrymal
gland inflammation (0/3), lachrymal gland nuclear
hypertrophy (2/3), cataracts (3/6), femur bone
marrow hypoplasia (2/6), mandible bone marrow
hypoplasia (2/9), thymic atrophy (9/9), liver atro-
phy (4/10), dermatitis (5/10), malocclusion (5/10)
and tongue ulcers (3/10).

. Neoplasms: Three animals developed neoplasms at
a late post-IR time phase: one 6 month 2.5 Gy rat
had a poorly differentiated solid carcinoma of
salivary gland origin, one 6 month 2.5 Gy had
malignant schwannoma appearing in the salivary
gland, and one 9 month 2.5 Gy rat had dermal
fibroma. None of these animals was emaciated or
had malocclusion. No animal irradiated with a
dose higher than 2.5 Gy developed neoplasms.
Irradiation-induced salivary neoplasms are not
surprising, but why this should occur only after
administration of the lowest dose (2.5 Gy) is
puzzling.

3.5. Blood composition

At 1.5 and 3 months, there were no significant differ-
ences between IR and control animals for any of the
examined parameters. No differences could be found at
six months except for WBC, lymphocytes and triglycer-
ides. The mean values of WBC, lymphocytes and tri-
glycerides were reduced in the 15 Gy group by 36%
(P<0.01), 46% (P<0.01) and 49% (P<0.05), respec-
tively (Table 2).

3.6. Food replacement study

The IR rats who were maintained on hard chow lost
0.6 g�0.4 of body weight and consumed 14.1 g�0.7 of
food per day. The sham-irradiated control animals
gained 1.1 g�0.2 of body weight and consumed 27.7
g�0.1 of food per day. The IR rats which had pow-
dered chow instead of the hard chow gained 0.2 g�0.1
of body weight per day, showing a large diversity
among the animals which consumed an average of 32.6
g�3.4 of food per day. The food consumption of the
IR-powdered chow and control groups were not sig-
nificantly different but were significantly larger than the
IR-hard chow group. Yet, the body weight gains of

Fig. 5. 15 Gy irradiated rat at 9 months post-irradiation: the inflicted

reduction in body size and bilateral cataracts are clearly noted.

Table 2

The mean values of white blood cells, lymphocytes and triglycerides in the sera of rats at 6 months post-irradiation (15 Gy)

White blood cells (103/ml) Lymphocytes (103/ml) Triglycerides (100 mg/l)

Controls (n=8) 8.8�0.8 8.3�0.8 15.6�3.1

Irradiated (15 Gy) (n=14) 5.6�0.3** 4.5�0.2** 8.0�1.0*

Values significantly reduced are denoted by: *P<0.05; **P<0.01.
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both IR groups, while not significantly different, were
significantly lower than those of controls (Table 3).

3.7. Taste preference study

At 12 months post-IR, both 7.5 Gy irradiated and
control rats showed a marked preference for sucrose, an
aversion to quinine and citric acid, and no preference
for or aversion to NaCl. There was a quadrupling of
fluid consumption when sucrose was included in the
test, compared with normal water tests. In tests using
citric acid and quinine, there was normal fluid con-
sumption with nearly all the fluid being taken from the
water bottle. The results for NaCl were less clear with
an almost equal consumption of NaCl and water within
the error range of this two-bottle test. The tests show no
noticeable long-term effects to the ingestive behaviour
of rats following high level irradiation (7.5 Gy).

The light microscope examination of the tongue sur-
face showed that the circumvallate, foliate and fungi-
form papillae were morphologically alike in control and
irradiated rats, and that the number of these papillae
were equal in the control and irradiated rats.

4. Discussion

Irradiation of the rat head and neck region resulted in
devastating systemic effects. During the short-term post-
IR (first 2 weeks), they are considered as resulting from
a severe crisis proceeding from oropharyngeal mucositis
induced by the IR, as previously reported [24,31,32].
Our short-term results demonstrating a dose-dependent
reduction in body weight gain in the 2.5–15 Gy animals,
accompanied by oral mucositis, skin dermatitis, tongue
ulcers, emaciation and death of 40% of 15 Gy IR ani-
mals are in agreement with previous reports. However,
the present study focuses on the delayed effects of head
and neck IR, as these effects were rarely evaluated in the
past in spite of their significant clinical importance,
particularly now that the survival rate of head and neck
irradiated patients is higher than ever before.

At a later post-IR phase (up to 2–3 months) following
the short-term crisis, the observed animals recovered,
although the body weight gain of all groups, including
the surviving 15 Gy rats, was reduced in a dose-depen-
dent manner. During the recovery phase, no animal
deaths occurred and no IR effects on organ weight,
pathology or blood composition were demonstrated.
However, when the recovery phase came to an end at
approximately 3 months post-IR, a devastating and
prolonged process started, also in a dose-responsive
manner. At 3 and 6 months, the 15 and 10 Gy groups
respectively animals began to lose weight. At nine
months post-IR, the decrease in body weight for the 7.5,
10 and 15 Gy rats was by 21, 36 and 55% (P<0.01),
respectively. During this late deterioration phase, the
animals also suffered from a wide spectrum of other
injuries which, at nine months, resulted in death rates
of 6, 30 and 55% in the 7.5, 10 and 15 Gy rats,
respectively.

Delayed IR-induced effects in rats were reported for
the first time in 1957 [20], but were never studied in
detail and the underlying mechanisms remained
obscure. A few reports of retardation in the growth and
development of children exposed to head and neck IR
are available [5,7,11], although it is not clear whether
there is any association between the human and animal
phenomena.

Our results for rats resemble somewhat those reported
in 1967 by Mosier and Jansons [10] with respect to the
late reduction in rat body weight following head and
neck IR. However, the phenomenon we describe has
more chronic characteristics and is far more prolonged.
Mosier noted that the survival rate of irradiated animals
decreased to 0% at 6 months post-13–14 Gy IR,
accompanied by both anaemia and septicaemia while, in
our case, 45% of the 15 Gy rats survived until they were
sacrificed at 9 months with no changes in the ery-
throcyte counts. The difference between our results and
those of Mosier and Jansons could be attributed to the
different rat model or mode of irradiation used.

We demonstrated no histological effect of IR on the
brain, pituitary or thyroid, in accordance with the pre-
viously reported inability to prevent head and neck IR-
induced growth disturbance with either growth hor-
mone or thyroxin [11,13]. Thus, it is improbable that IR
effects on brain, pituitary or thyroid are the cause of the
phenomenon. Some of the late effects seem to be
directly induced by IR and involve organs within the
radiation field, such as parotid and submandibular
atrophy, mandibular bone marrow hypoplasia, lachry-
mal gland lymphocytic infiltration with cellular aberra-
tions and cataracts. With respect to cataracts, there is
profound similarity between our animal results and
human reports; it has been reported [11] that no less
than 80% of head and neck patients irradiated with 10
Gy developed cataracts within 6 weeks, while we noted

Table 3

Mean values of body weight gain and food intake of irradiated ani-

mals versus controls at 4 months post-15 Gy irradiation

Body weight

gain [g/day]

Food intake

[g/day]

Controls (n=2) 1.1�0.2 27.7�0.1

Irradiated hard chow (n=3) �0.6�0.4 14.1�0.7

Powder chow (n=4) 0.2�0.1 32.6�3.4

The food composition of irradiated power chow and control animals

were similar but significantly greater (P<0.01) than that of irradiated

hard chow animals. However, the body weight gains of both irradiated

groups were similar and significantly lower than that of controls

(P<0.01).
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cataract rates of 68 and 82%, respectively, in the 7.5 Gy
and 10 Gy animals at 12 months post-IR.

In contrast to these few direct effects, however, other
effects seem to be secondary to a delayed IR-induced
inanition. Thus, the animals suffered from a prolonged
dose-related reduction of their food intake which resul-
ted in overgrowth of their unground anterior incisor
teeth (malocclusion), which further reduced the animal’s
ability to consume food. Secondary to this, the animals
suffered from emaciation as well as severe reduction in
fat tissue, serum concentration of triglycerides and liver
atrophy. Furthermore, the animals suffered from
reduced levels of white blood cells and lymphocytes in
their serum and, in some high-dose irradiated animals
(7.5–15 Gy), also from femoral bone marrow hypopla-
sia. It is noteworthy that a recent paper reported the
development of functional impairment of granulocytes
and lymphocytes 1 year following IR to the head and
neck region of 9 patients [12]. We assume that the con-
comitant effect of the bone marrow hypoplasia, thymus
atrophy and reduction in white blood cells and lym-
phocytes in the sera resulted in a severely compromised
immunoresistance. It may even be presumed that this
immunosuppression is partially secondary to the inflic-
ted malnutrition, as such an association may occur [14].
Thus, the combination of inanition and immunodefi-
ciency could explain the prolonged deterioration of the
animals and their eventual death.

In order to try to further elicit the mechanism causing
the dose-dependent reduction in food intake, we exam-
ined a hypothesis suggesting that the animals had aber-
rations in their lingual papillae or taste, but we failed to
demonstrate this. Another hypothesis raised was that a
profound reduction in salivary function, a known
aetiology for dysphagia [9,13,15], was the cause of the
delayed food intake reduction. In the present study,
both parotid and submandibular atrophy were found at
six months and later following IR. In previous studies,
we demonstrated a dose-dependent reduction of salivary
function of both parotid and submandibular glands,
statistically significant for 7.5 Gy IR doses and higher,
at 40 days post-IR [19]. In other studies, a post-IR
extensive and continuous reduction in the function of
the salivary glands, accompanied by a concomitant
quantitative change in salivary composition, throughout
the year of study was demonstrated [22,26]; such hypo-
salivation could contribute, at least partially, to the
observed chronic and eventually lethal dysphagia, as
hyposalivation is a well-known aetiology of dysphagia.
The significant increase in the food intake of the irra-
diated animals when their hard chow was replaced by
powder chow adds support to this hypothesis. Powder
chow is easier to swallow by xerostomic animals and
such a replacement helps the animals to overcome the
induced dysphagia [9,13,15]. Further support may be
indicated by the similar kinetics of both deterioration of

salivary function [20] and the dysphagia-induced over-
eruption of the ungrinded anterior teeth. Both phe-
nomena developed at a delayed phase and both
occurred for all irradiated animals. At 12 months post-
IR, even following 2.5 Gy only, significant reductions of
both parotid and submandibular functions were
demonstrated [22].

In summary, the accumulated data demonstrate the
devastating outcome of head and neck irradiation in a
rat model. The effect of the irradiation is dose-depen-
dent and is manifested by a prolonged and chronic
deterioration in the general status, eventually resulting
in the animal’s death. The exact mechanism underlying
this delayed phenomenon, in which the two major
characteristics are dysphagia and an immunodeficiency
state, is unknown at present. It seems that the severe IR-
induced delayed salivary hypofunction may play a sig-
nificant role in this mechanism. The bone marrow
hypoplasia induced by the head and neck irradiation,
which has never been described before, may also be
attributed to the long-term starvation of the animals.
Future studies aimed at elucidating this mechanism and
evaluating the clinical importance of these results in
humans are warranted.
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