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ABSTRACT

ARTICLE HISTORY

Background: Advancements in medical technologies that utilize ionizing radiation have led to
improved diagnosis and patient outcomes, however, the effect of ionizing radiation on the patient
is still debated. In the case of pregnancy, the potential effects are not only to the mother but also
to the fetus. The aim of this study was to determine if exposure from ionizing radiation during
pregnancy alters the development of the cardiovascular and respiratory system of the offspring.
Materials and methods: Pregnant C57Bl/6 mice were whole-body irradiated at gestational day
15 with a 137Cs gamma radiation emitting source at 0 mGy (sham), 50 mGy, 300 mGy, or
1000 mGy. Post weaning weight and blood pressure measurements were taken weekly for both
male and female pups until euthanasia at 16–17 weeks postnatal age. Immediately following, the
trachea was cannulated, and the lungs and heart excised. The lung was then examined to assess
respiratory physiological outcomes.
Results and conclusions: In utero exposures to 1000 mGy caused significant growth reduction
compared to sham irradiated, which remained persistent for both male and female pups. Growth
restriction was not observed for lower exposures. There was no significant change in any cardiovascular or respiratory outcomes measured. Overall, intrauterine exposures to ionizing radiation
does not appear to significantly alter the development of the cardiovascular and respiratory system in C57Bl/6 pups up to 17 weeks postnatal age.
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Introduction
With its use having increased rapidly over the past few decades, advancements in medical technologies that utilize ionizing radiation have led to improved diagnosis and patient
outcomes. However, the effect of this radiation on the
patient is still debated. In the case of pregnancy, the potential effect is not only to the mother but also to the fetus.
Perinatal care is an important and influential period for the
development of the fetus, where sudden changes to the
intrauterine environment can have long-lasting effects on its
health trajectory (Barker 1990). This paradigm, known as
fetal programming, can affect many organ systems, including the cardiovascular and respiratory systems (Barker et al.
1989; Barker et al. 1991; Barker et al. 1993). Long term
changes and dysfunction can lead to disease, adding to the
already large health care burden of cardiovascular and
respiratory diseases in Australia and USA (Australian
Institute of Health and Welfare 2019; Virani et al. 2020).
Further to this, ionizing radiation during pregnancy may
also penetrate and directly affect the fetus itself.
Most of the limited work that specifically examines
irradiation in utero has focused on mortality, intrauterine
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growth restriction, malformations or neurobehavioral outcomes (The International Commission on Radiological
Protection 2003). The larger the exposure, the higher the
risk or severity of these outcomes, but typically, irradiations
earlier in gestation lead to mortality whereas later leads to
malformations or behavioral changes (Russell and Russel
1950; Rugh and Wohlfromm 1965; The International
Commission on Radiological Protection 2003). Overall, the
dose required to elicit these responses is above
300  500 mGy, but can change significantly due to gestational timing of exposure (The International Commission
on Radiological Protection. 2000; Sreetharan et al. 2017).
At gestational day 15 in the mouse, the fetus has progressed through implantation and embryogenesis and is now
in the fetal development stage (Theiler 1989). The main cardiac structures have been defined, with the refinement of
atrioventricular and semilunar valve occurring, and the
respiratory system is at the pseudoglandular phase, where
the general gland-like structure of the lung is prominent,
with a differentiated conducting region (Krishnan et al.
2014; Pinkerton and Joad 2000). Therefore, GD15 is beyond
the stage where teratogenic or unviability effects on the fetus
could be seen but there is still potential to see physiological
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and functional changes to organs still developing. Most
work that investigates in utero irradiation at gestational day
15 does not examine the cardiovascular or respiratory systems but instead focuses on intrauterine growth restriction
or neurobiological defects (Nash and Gowen 1962;
Sienkiewicz et al. 1999; Hossain and Uma Devi 2000). These
studies found a dose threshold of 1000 mGy for persistent
growth restriction and 5001000 mGy for neurobiological defects.
Previous attempts to relate human irradiation exposures
to cardiovascular function later in life used chronic or single
high dose occupational exposures but typically do not focus
on in utero exposures, and for respiratory function, there
have been no studies found thus far that relate an effect to
ionizing radiation, in utero or otherwise (Bolotnikova et al.
1994; Berrington et al. 2001; Kreuzer et al. 2006; Vrijheid
et al. 2007; Mcgeoghegan et al. 2008; Muirhead et al. 2009).
One C57BL/6 study assessed growth and cardiovascular outcomes and found that 1000 mGy caused persistent and
reduced weight of the animals (Sreetharan et al. 2019).
Although there was no significant effect of irradiation at
lower doses, or at any dose on cardiovascular outcomes,
there was a significant transport-induced, stress-related
response to their irradiation acclimation procedure, which
may have hidden the expected effects a low doses or augmented the effects seen at high doses (Sreetharan et al.
2019). This leaves a paucity of data on the relationship
between ionizing radiation exposure during the late gestation and fetal development period, and the development of
the cardiovascular and respiratory system. This study therefore aims to examine if ionizing radiation during late gestation influences cardiovascular function or respiratory
physiology in adolescence to better understand the overall
effect of in utero ionizing radiation exposures.

Methods
Experimental animals and irradiations
Male and female C57Bl/6J mice (Jackson Laboratories, USA)
were housed in a 12:12 hour light:dark cycle and allowed
food and water ab libitum. The mothers were maintained on
standard lab mouse chow (9% fat, 44.9% carbohydrate, 19%
protein, Teklad Diets Envigo, USA) and pups received a
similar chow post-weaning (6.2% fat, 44.2% carbohydrate,
18% protein, Teklad Diets Envigo, USA) for the duration of
the study.
Female mice were paired 2:1 with male mice over a single
night to obtain an accurate gestational day 0. The following
morning, the females were checked for vaginal plugs, indicative of sexual activity, and then housed singly. Confirmation
of pregnancy was obtained by abdominal palpitations later
in gestation. At gestational day 15, pregnant C57Bl/6J female
mice were transported across campus to McMaster
University’s Taylor Radiobiology Source, acclimated in situ
for 20 minutes and irradiated (sham (irradiation control),
50 mGy, 300 mGy, 1000 mGy) using a 137Cs Gamma radiation source (0.5 Ci, 662 keV energy, 10 mGy/min).
Pregnant mice were irradiated in their cage unanesthetized

and unrestrained, allowing free movement, but were
restricted from food and water consumption during irradiation. Radiation dosimetry was performed as in Sreetharan
et al (2019), using thermoluminescent dosimeters in an
empty cage, to represent maternal exposures, as well as surgically implanted in gestational day 15 pregnant euthanized
mice to represent fetal exposures. Implanted thermoluminescent dosimeters showed minimal attenuation through the
maternal tissues resulting in a dose rate of 8.9 mGy.min. To
reduce the transport effect seen in Sreetharan et al (2019),
animals were only transported once to the source for irradiation and then returned back to the animal facility. All animals were restricted from food and water during
irradiations.
Pups were weaned at 3–4 weeks of age, and up to 3 male
and 4 female pups were housed together, respectively. To
maximize group sizes and control maternal effect, up to 2
male and 2 female pups from any one mother were used to
create n ¼ 8 of each sex in each radiation group.
Postweaning weight and cardiovascular measurements were
taken weekly until euthanasia at 16–17 weeks old.
All described animal procedures were reviewed and
approved by the Animal Research Ethics Board at McMaster
University (AUP #15-11-26) in line with the requirements of
the Canadian Council on Animal Care Guidelines.
Cardiovascular measurements
Blood pressure was noninvasively measured in non-anesthetized pups via tail-cuff plethysmography using the CODA8
high throughput noninvasive blood pressure system (Kent
Scientific Corporation, USA). This method has been previously described and results in minimal discomfort or stress
for the animal (Feng et al. 2008). Systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean arterial blood
pressure (MAP), and heart rate (HR) were collected 3 times
weekly/animal between 7 and 16 weeks of age and averaged.
Respiratory measurements
At 16–18 weeks of age, animals were anesthetized with 5%
Isoflurane, and a tracheotomy then thoracotomy was performed. Animals were exsanguinated via cardiac puncture,
following which the heart and lungs were excised. Tissues
were then process and several outcomes relating to physiological changes indicative of lung injury were analyzed. The
left lung lobe was resected and freeze-dried for lung lobe
wet:dry weight analysis, a measurement of lung edema or
fibrosis deposition. The remaining lobes were degassed
(0.5 atm for 60 sec) and lavaged with 3  16 mL/Kg body
weight aliquots of cold 0.9% saline. Lavage was centrifuged
at 540 g for 10 minutes and supernatant was assayed for total
protein concentration using the Pierce BCA protein assay
kit (Thermo Fisher Scientific, USA), a measurement of
alveolar capillary barrier integrity and indictive of lung
injury. Centrifuged cells were stained using trypan blue
loaded on a hemocytometer and counted using a microscope
to calculate cellular infiltrate, indicative of lung injury. Cell
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count was normalized back to volume of saline instilled in
the lung to provide a concentration rather than total cell
count. Remaining cells were fixed in 4% paraformaldehyde,
smeared, then stained with Hematoxylin and Eosin and photographed under a BX50 brightfield microscope (Olympus,
Japan) to assess leukocyte differential counts.
Statistical analysis
Longitudinal data (weight and cardiovascular outcomes) are
presented as mean weekly measurements and were analyzed
using a generalized additive model (GAM) fitted to a generalized linear mixed model (GLMM) accounting for nesting
of pups within mothers. Cross-sectional data (respiratory
outcomes) are presented as mean and 95% confidence interval and were analyzed using generalized linear mixed models
with a normal distribution, accounting for nesting of pups
within mothers. A p-value <.05 was considered statistically
significant. Statistical analysis was completed using IBM
SPSS v.24 statistical software (IBM Corporation, USA).

Results
Growth rate
Litter size and sex ratio did not differ between doses of radiation (data not shown). There was no difference in weight
at first measurement (age wk4) between any radiation group
and sham control. However, there was a significant difference in weight over the longitudinal 12 weeks (Figure 1). An
in utero exposure of 1000 mGy significantly altered the
growth trajectory resulting in a 1.42 g reduction in weight
overall (p¼.004). Other doses of radiation were not different
from sham over the 12 weeks. Sexes differed in growth curve
(p<.001), but the weight loss due to 1000 mGy was conserved, 8–10%.

Figure 1. Longitudinal weight measurements. In utero exposure to 1000 mGy
significantly alters the trajectory of growth compared to sham control as tested
using GAM fitted to GLMM (p¼.004, n ¼ 7–9), which results in an estimated
1.42 g reduction in weight for the overall population. Mice exposed to other
doses of radiation were not different to sham. Sexes differed in weight gain
curves, where females weighed less than males (p<.001). Graphs represent
mean weekly measurements.  indicates statistical significance of p<.05.

There was no statistical difference between sex for any outcome except BAL cell count. Female animals had 33% more
cells at baseline compared to males, p¼.022.

Discussion
Cardiovascular system
In utero exposure to radiation did not significantly alter the
cardiovascular outcomes of SBP, DBP, MAP or HR, p¼.091,
p¼.889, p¼.227 and p¼.060, respectively. Although graphically it appears some lines may have different trajectories, the
level of variability in the data was large enough to nullify
any statistical significance. Therefore, in utero irradiation at
these doses did not cause hypertension or hypotension over
16 weeks post-weaning (Figure 2). Sexes differed in SBP,
DBP and MAP (p<.05) but not HR.
Respiratory system
There was no edema or change in alveolar-capillary barrier
integrity, as indicated by lung lobe wet: dry weight ratio
(p¼.618) and total BAL protein concentration (p¼.450), due
to in utero exposure to ionizing radiation (Figure 3).
Similarly, cellular infiltrate did not increase due to in utero
exposure to ionizing radiation, p¼.753, nor did the populations of cells within the lung differ, p¼.413 (Figure 4).

The current guidelines worldwide have no limit for ionizing
radiation exposure during pregnancy but instead suggest
that the exposure be clinically justified on an individual
basis and kept as low as reasonably achievable (The
International Commission on Radiological Protection. 2000;
Royal College of Radiologists and the College of
Radiographers 2009; Royal Australian and New Zealand
College of Radiologists 2017; American College of
Radiologists 2018). Therefore, exposure of pregnant patients
can vary significantly. The doses used in this study, 50, 300,
and 1000 mGy, were chosen based on predicted results from
previous studies within our lab (Sreetharan et al. 2019), but
can approximately relate to similar exposures of a high-end
diagnostic procedure, the cumulative radiation exposure
during a severe or extended stay in hospital, and an exposure well above diagnostic radiation levels but below therapeutic levels, respectively. It is important to recognize that
the radiosensitivity between humans and mice vary significantly. The human LD50 in 30 days for whole-body exposures is between 2000 and 8000 mGy, 4500 mGy for a
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Figure 2. Longitudinal cardiovascular outcomes of systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean arterial blood pressure (MAP), and
heart rate (HR). In utero exposure to any dose of radiation did not significantly
alter the curve compared to sham for either sex, p¼.091, p¼.889, p¼.227 and
p¼.060, respectively, tested with GAM fitted to a GLMM (n ¼ 7–9). Sexes differ
for SBP, DBP, MAP but not HR (p<.05). Graphs represent mean weekly measurements, n ¼ 7–9.

healthy adult, whereas for C57Bl/6 mice is 8500  9000 mGy
(Mole 1984; Lushbaugh et al. 1987; Nunamaker et al. 2013).
Thus, this strain of mice is approximately twice as resistant
to ionizing radiation than humans, so it could be postulated
that in utero exposure to 1000 mGy in this strain of mouse
might equate to 500 mGy in humans in terms of its biological effects.
In this study, only the highest dose of in utero radiation
altered the growth of these animals, which was about 8–10%
reduction in body weight consistently over the lifetime of
the mouse. The finding that rodent irradiations during pregnancy, and specifically around gestational day 15, induces
growth restrictions has been reported before for doses less
than 1000 mGy, but matching this study’s results, persistent
changes are only seen from doses 1000 mGy (Murphree
and Pace 1960; Nash and Gowen 1962; Kimler and Norton
1988; Jensh et al. 1995; Hossain et al. 1999). Unfortunately,
no assumption can be made regarding the immediate

postnatal growth of these animals, as birthweight and postnatal-preweaning weight was not collected in order to
reduce maternal stress and cannibalism. It is therefore
uncertain if growth restriction occurred from exposures
<1000 mGy and the ‘catch up’ effect resulted in these animals matching the sham control weight post weaning
(Karlberg et al. 1995). Additionally, no comment can be
made about the long-term growth of these animals to the
natural endpoint of their life.
Intrauterine and postnatal growth restriction, as a hallmark of fetal programming, has been linked individually to
cardiovascular and respiratory dysfunction (Barker et al.
1991; Barker et al. 1993; Law et al. 2002; Dezateux 2004).
Low birthweight reduces childhood lung function and
increases the risk of hospitalization in adolescence because
of difficulty breathing or respiratory disease (Dezateux 2004;
Walter et al. 2009). Similarly, the risk of hypertension
appears to be set in fetal development from intrauterine
growth restriction (Law et al. 2002). This study showed no
development of hypertension or hypotension due to intrauterine radiation exposure. However, the risk of cardiovascular disease increases with age and often doesn’t arise
symptomatically until late adulthood, so possibly this study’s
3-month follow up was not long enough to observe the full
effects of the in utero irradiation (Berry et al. 2012).
Additionally, it is important to note that there was large
intra-group variation for all cardiovascular outcomes which
may contribute to the non-statistically significant intergroup variation.
The longer-term effect of radiation on cardiovascular disease incidence or mortality may have implications to public
health given the increase in ionizing radiation use in the
medical field over the past few decades (Royal College of
Radiologist and National Radiation Protection Board 1990;
Shrimpton et al. 1991; Lutterman et al. 2014). Several studies
on non-pregnant subjects have recorded that environmental
and occupational exposures similar-to-medical levels of low
dose radiation, have an association with cardiovascular disease incidence and mortality (Howe et al. 2004;
Mcgeoghegan et al. 2008; Muirhead et al. 2009). These studies examined chronic exposures rather than acute, and have
multiple limitations, including cohort age, adjustments for
confounding factors, length of exposure, and accurate dosimetry. Studies of medical exposures have found an association between radiation exposure and onset of
cardiovascular disease but only at cumulative doses above
150 mGy or from fractionated radiotherapy doses, whereas
others, including a large multi-country investigation, found
no association at all (Bolotnikova et al. 1994; Berrington
et al. 2001; Abe et al. 2005; Darby et al. 2005; Kreuzer et al.
2006; Ivanov 2007; Swerdlow et al. 2007; Vrijheid et al.
2007). Studies with pregnant patients are scarce. One study
from the Hiroshima and Nagasaki atomic bomb survivors
found no association to cardiovascular disease development
from in utero exposures but did for childhood (<10 years
old) exposures (Tatsukawa et al. 2008). Therefore, radiation
may have some effect on the cardiovascular system, albeit at
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Figure 3. Respiratory physiological outcomes of (A) wet: dry lung weight ratio and (B) total protein concentration in BAL. In utero exposures to any dose of ionizing
radiation did not significantly change the wet: dry ratio or BAL total protein concentrations compared to sham control for either sex, p¼.450 and p¼.618, respectively. There was also no difference between sexes, p¼.152 and p¼.696, respectively. Data represented as mean and 95% confidence intervals. Statistical significance
was tested by GLMM, n ¼ 6–7.

Figure 4. Respiratory immunological outcomes of (A) BAL cell count and (B) Cell populations within BAL. In utero exposures to any dose of ionizing radiation did
not significantly change the total cell count or the cell populations within the BAL compared to sham control for either sex, p¼.753 and p¼.413, respectively. There
was also no difference between sexes for percentages of populations, p¼.839, but there was for overall cell count, p¼.022. Data represented as mean and 95% confidence intervals. Statistical significance was tested by GLMM, n ¼ 6–7.
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chronic or high acute doses, but the evidence suggests that
this phenomena does occur from in utero exposures.
There was also no change in the respiratory outcomes
measured in this study. As reviewed by Iles et al (2009),
non-cardiogenic pulmonary edema can be caused by damage
to the alveolar epithelial layer, directly via reactive oxygen
species (ROS) and indirectly via infiltrating leukocytes, or by
dysregulation of the fluid clearing process. Less than a
second after radiation exposure, ROS are formed, primarily
through water radiolysis which can induce perpetual cellular
oxidative stress to continue cell damage (Azzam et al. 2012).
However, this study found no measurable edema, alveolar
epithelial layer damage, or cellular infiltrate at 16–17 weeks
postpartum suggesting the ROS production from water
radiolysis was quenched and damage, if created, was
repaired before these measurements were taken.
Observations of these outcomes at a much earlier time postnatally would be required to assess the immediate effects of
in utero exposures. Although no aspects of lung function
were investigated, this study suggests that irradiations
1000 mGy does not permanently alter the development of
the respiratory system or cause long-term physiological
changes indicative of lung injury.
One limitation of this study is that it looked at exposures
at a single time point in gestation, as it is well known that
similar exposures at different gestational stages result in different outcomes. Although no detrimental cardiovascular or
respiratory outcomes were observed in this study, additional
work is required at various stages of gestation to fully assess
the effect of diagnostic levels of radiation during pregnancy.
Equally, additional timings of outcome measurements would
strengthen this study, especially to observe the cardiovascular system much later in life or the respiratory system at a
younger age.
Another limitation to highlight is that these mice received
whole-body irradiations, and thus the fetal dose received is
very similar to the maternal dose, whereas clinical application of radiation typically limits exposures to a field of view
of interest. For example, a chest CT will result in a much
smaller fetal exposure compared to a pelvic CT because the
fetus is not in the field of view (Sharp et al. 1998). This,
therefore, will remove or reduce the direct effect of irradiation on the fetus, although the indirect effects from fetal
programming may still exist. Thus, as this experimental
model used whole-body exposure, it is not possible to delineate the direct and indirect effects of radiation.
This study aimed to assess the relationship between in
utero ionizing radiation exposure at GD15 and the development of the cardiovascular and respiratory system. It
appears that the radiation exposure did not significantly
induce hypertension or hypotension in these mice, nor did
it physiologically change the respiratory system, but exposures of 1000 mGy caused intrauterine growth restriction
that remained until adolescence. Overall, from this healthy
animal model, exposures to diagnostic levels of ionizing
radiation during late gestation caused no significant effects
on the weight or cardiovascular and respiratory systems,

which support the statement that the effects from low dose
radiation at this gestational stage are negligible.
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