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Abstract

lodine 131 (1-131), the principal component of nuclear fallout from the Chernoby! accident,
concentrates in the thyroid gland and may pose risks to fetal development. To evaluate this,
neonatal outcomes following the accident in April of 1986 were investigated in a cohort of 2582
in utero-exposed individuals from northern Ukraine for whom estimates of fetal thyroid 1-131
dose were available. We carried out a retrospective review of cohort members’ prenatal, delivery
and newborn records. The relationships of dose with neonatal anthropometrics and gestational
length were modeled via linear regression with adjustment for potentially confounding variables.
We found similar, statistically significant dose-dependent reductions in both head circumference
(1.0 cm/Gy, P=0.005) and chest circumference (-0.9 cm/Gy, P=0.023), as well as a similar
but non-significant reduction in neonatal length (-0.6 cm/Gy, P=0.169). Gestational length
was significantly increased with increasing fetal dose (0.5 wks/Gy, P= 0.007). There was no
significant (P> 0.1) effect of fetal dose on birth weight. The observed associations of radioiodine
exposure with decreased head and chest circumference are consistent with those observed in the
Japanese in utero-exposed atomic bomb survivors.
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Introduction

Pregnant women may be exposed to radiation from medical, occupational or accidental
sources. Although radiation is a known teratogen, advice regarding dose restrictions to
optimally protect the developing embryo/fetus has been largely limited to pregnant workers
and patients [1]. Yet evaluating radiation risks from low dose exposures to pregnant
members of the general public is widely recognized as important [2], and the events at
Chernobyl and Fukushima underscore the need for more data.

Studies of in utero-exposed survivors of the atomic bombings at Hiroshima and Nagasaki
have shown associations between exposure to external ionizing radiation during gestation
and harmful effects on the developing brain and on physical growth generally, including
reduced head circumference [3] and lower 1Q [4] as well as lower weight and shorter

stature [5]. These studies were conducted, not among newborns, but among children aged
9-19 years whose prenatal exposure was to external, primarily gamma, radiation. Unlike
gamma radiation, iodine-131 (1-131), the principal component of Chernobyl accident fallout,
concentrates in the thyroid gland. In those exposed prenatally, during sensitive periods,
alterations in thyroid function and/or the hypothalamic-pituitary-thyroid (HPT) axis could
potentially affect the developing brain and other organs.

The placenta is freely permeable to iodine, and with the onset of thyroid gland function

at 10-12 weeks of gestation, the fetal thyroid begins rapid uptake of iodines, including
1-131, passed from the maternal circulation. By late gestation, fetal thyroid iodine uptake is
as much as 3-10 times higher than uptake by the mother [6, 7]. Autoregulation of iodine
transport to compensate for excess or deficiency does not develop in the fetus until close

to term. The fetal thyroid dose resulting from 1-131 exposure in utero is thus a function

of gestational age at exposure. The timing of exposure also determines the developmental
processes that are potentially affected.

Only one previous very small study has been conducted in relation to internal radiation
exposure in utero or in early life. Longitudinal measurements of children on the Marshall
Islands who were exposed to fallout from Pacific Ocean nuclear testing (38 plus 4 in utero)
showed sex and age-dependent effects on growth. Girls were unaffected but boys exposed
to radioactive fallout before age five—particularly at 12-18 months—had shorter stature
and somewhat lower weight; head circumference was not reduced [8]. The thyroid dose

to Marshallese children, however, comes largely from isotopes other than 1-131, and from
external radiation.

The population exposed due to the Chernobyl accident thus provides a rare opportunity to
investigate neonatal effects of in utero exposure to lodine-131. The study reported here is
based on an existing cohort of mother—child pairs in northern Ukraine exposed to I-131 in
fallout, assembled initially to assess the risk of thyroid cancer and other thyroid diseases [9].
Our primary aim in this study was to evaluate associations between fetal thyroid 1-131 dose
and a range of neonatal endpoints, including gestational length and various anthropometric
measures. We also examined how these associations vary by trimester at exposure.
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Study population

The Ukraine in utero cohort is comprised of 2582 mother—child pairs in which the woman
was pregnant during the period when 1-131 from the Chernobyl accident was present in
the environment (April 26, 1986 to June 30, 1986). Details of the study design have

been reported previously [9]. In brief, an exposed group of mothers was recruited from
three northern oblasts (Zhytomir, Chernihiv and Kyiv) considered to be contaminated as a
result of the accident (i.e., having Cs-137 deposition levels greater than 37 kBg/m?). The
mothers either had direct thyroid radioactivity measurements shortly after the accident or
lived in the same contaminated settlement as women of child-bearing age with measured
thyroid activity such that doses could be estimated. An unexposed group was comprised of
women pregnant during the same period of time and residing in relatively uncontaminated
settlements (Cs-137 levels less than or equal to 37 kBg/m?). Standardized procedures for
tracing and recruitment resulted in participation rates in excess of 80% among eligible
mothers from both exposure groups. Of 1818 women in the contaminated areas found to
be eligible, 1494 (82.2%) were successfully enrolled; of 1227 eligible comparison subjects,
1088 (88.7%) agreed to participate.

To collect neonatal endpoint data, we carried out a retrospective review of cohort members
prenatal, delivery and newborn records at local medical facilities where participating
mothers sought care. We also conducted linkage with the Registry at the Institute of
Pediatrics, Obstetrics and Gynecology (IPOG) in Kyiv, since many evacuee mothers from
contaminated areas ultimately delivered there.

The study was reviewed and approved by the institutional review boards at the National
Cancer Institute and the Eunice Kennedy Shriver National Institute of Child Health and
Human Development, as well as by the institutional review board at the Institute of
Endocrinology and Metabolism (IEM) in Ukraine.

Record retrieval

We began data retrieval by checking the availability of medical records for the period

from April 26, 1986 to March 31, 1987 in the obstetric facilities at all places of residence
of cohort mothers in 1986. Letters were sent to the administrators informing them about
the study and soliciting cooperation. We had personnel from each of 21 local obstetrical
facilities retrieve the newborn/delivery records of cohort members, with supervision from
collaborating epidemiologists at IEM. The records were brought to IEM and abstracted by
a trained team of gynecologists using a standardized form developed jointly from several
source documents. After data abstraction, the original records were returned to the medical
institutions.

Approximately 30% of the medical records of cohort mothers proved to be irretrievable.
Most of this was due to the destruction of records after a mandatory 25-year period of
retention, with additional records lost because of floods or fires in institutional archives.

In the event of destroyed or lost records, the search for information continued in the
hospital’s newborn/delivery registration logs. In addition, we carried out a linkage based on
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10 data fields between the demographic database of cohort members and the IPOG Registry
database to retrieve information on women from contaminated regions whose delivery dates
corresponded to our eligibility criteria and who may have delivered in or near Kyiv. Using
the above procedures, we ultimately retrieved data on 2022 cohort members: 57.7% of
retrieved data (n = 1167) came from medical records (prenatal, delivery and newborn);
32.6% (n = 659) from registration logs at maternity hospitals; 0.6% (n = 13) from data
entered in both records and logs; and 9.1% (n = 183) from linkage with the IPOG Registry.

After the retrieved data were abstracted, we compared the completeness of information on
key variables by data source. In all three sources (medical records, registration logs and
IPOG Registry), data on birth weight was close to complete (5% missing). However, the
IPOG Registry files had 100% missing data for gestational length (term of delivery in
weeks), as well as for head circumference and chest circumference. The registration logs
had 32% missing data for gestational length and 100% missing data for head and chest
circumference. In contrast, the medical records had only 7% missing data on gestational
length and 22% missing data on head and chest circumference. We compared fetal and
maternal characteristics of subjects with data drawn from each of the sources and confirmed
that there were no material differences in maternal age at delivery of offspring, maternal
weight, parity, gender, or trimester at exposure (not shown). Mean birth weights (~3400 g)
and mean gestational age at delivery (~39.7 weeks) were also similar across data sources.

Individual fetal thyroid doses resulting from intakes of 1-131 by the mothers were calculated
for offspring members of the cohort by first estimating the variation with time of 1-131
activity in the thyroid of the mother and then, using a biokinetic ecologic model, estimating
dose to the embryo/fetus [10].

For mothers with direct thyroid measurement (28% of the total), the 1-131 activity at

the time of measurement was derived from the measurement itself. For mothers from
contaminated areas without direct measurements, the age-specific average value of those
with measurements was used to infer the 1-131 activity in the thyroid at a reference date.
For mothers from uncontaminated areas, the 1-131 activity in the thyroid was inferred
from the relationship observed between Cs-137 activity deposited on the ground and the
I-131 activity in the thyroid in settlements with available direct thyroid measurements.
The estimate for the mother then served as input to estimating dose to the embryo/fetus
based on a bidirectional model developed for the International Commission on Radiation
Protection [6]. The model accounts for transfer of iodine between maternal and fetal pools
and retention of iodide in the placenta, and predicts a continuous increase in dose with
increasing gestational age.

Cumulative 1-131 thyroid dose for the full cohort has been estimated to be between 0 and
3230 mGy, with a mean of 72 mGy [10]. Although the thyroid doses received after birth
(i.e., postnatal doses) were also estimated, the analyses presented here are based strictly on
the prenatal component of the dose. The prenatal doses ranged from 0 to 2263 mGy with a
mean of 61 mGy (Table 1).
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Statistical analysis

Results

The analysis focuses on the relationship between the estimated fetal thyroid 1-131 dose and
measures of neonatal growth as well as length of gestation. The gestational length variable
is based on women’s reports upon arrival at the delivery hospital. Data on birth weight,
neonatal length, and head and chest circumference are taken from recorded measurements
on newborns. In the sample of 2022 cohort members, analyses were restricted to those with
non-missing data on the relevant endpoint as well as fetal dose. Fifty-four subjects with
missing prenatal doses were excluded.

We performed linear regression [11] of the continuous outcome measures against fetal
iodine dose as the independent variable. Analyses were conducted with and without
adjustments for potential confounders, including trimester at exposure, parity, gestational
length (for all analyses apart from gestational length), offspring gender, singleton versus
twin birth, maternal age at delivery, maternal height and weight at (baseline) first clinic visit.
Missing data for these explanatory variables was handled by adding indicator variables for
missingness to the regression models. Because of the indications of non-normal distribution
of residuals from the fitted linear regression models for three of the endpoints examined
(chest circumference, neonatal length, weeks of gestation), we used bootstrap methods, with
full resampling of data (rather than residuals) to assess the significance of fit and evaluate
confidence intervals on regression parameters of all five endpoints. Bootstrap confidence
intervals were derived using the so-called bias-corrected accelerated (BCA) method of Efron
[12]. Bootstrap tests of significance, and in some cases for heterogeneity of effect, were

also conducted, using standard techniques, for example using bootstrap analogues of the
Ftest [13]. In a few instances, indicated in the tables, the pvalue of the bootstrap test of
significance did not match the BCA-associated confidence intervals, e.g., the confidence
interval excluded 0 but the Pvalue was >0.05. In these cases the P value was adjusted so

as to correspond to the indicated Cl, via Normal-theory distributional evaluations, so that if
the estimated mean is yand the estimated standard deviation (derived from the relevant ClI
between 0 and the mean) is SDthen

=1 Nl + Mol

where N, (0) = P[ N, < 6] is the cumulative distribution of the standard normal
distribution.

Table 1 shows the mean and median values for outcome variables and covariates, both for
the full analytic sample (n = 2022) and for the subset of those with data taken from medical
records, or from medical records and logs (n = 1180). Of the 2022 cohort members there
were 1104 (54.6%), 1109 (54.8%), 239 (11.8%), 59 (2.9%) and 470 (23.2%) for whom

the respective endpoints of head circumference, chest circumference, neonatal length, birth
weight and gestational length were missing. The proportion of missing data for all five
morbidity endpoints was much less among those with data taken from medical records,

or records and logs [head circumference (22.2%), chest circumference (22.6%), neonatal
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length (4.6%), birth weight (2.8%), gestational length (6.5%)] (Table 1). As can be seen, the
distributions of all variables in those with non-missing information are similar in the full
analytic dataset and in the subgroup with data taken from medical records or medical records
and logs (Table 1).

Table 1 shows that, on average, in the full data set birthweight among cohort offspring was
3400 g with a range from zero to 5700 g, indicating that both low birthweight (<2500 g) and
macrosomia (birthweight > 4000 g) were present in a proportion of the cohort. The mean
length of gestation was 39.75 weeks—approximately the 40 weeks that is considered full
term. The range in gestational length is from 27 to 48 weeks, which includes both preterm
(<37 completed weeks) and post-term (=42 weeks) deliveries, both of which—along with
low and high birthweight—carry risks for neonatal morbidities. The sex ratio (female:male)
is 51:49.

Tables 2, 3, 4, 5 and 6 present results of the dose—response analyses for each of the neonatal
endpoints.

For head circumference (HC), Table 2 and Fig. 1 demonstrate a highly significant dose-
related reduction of —0.954 cm/Gy (95% CI -1.493, —0.329, £=0.005). The decrement in
HC is greatest for those exposed in the first trimester, although the interaction (reduction of
head circumference per unit dose by trimester) is not statistically significant (P= 0.242). All
individuals with head circumference data came from the representative subset whose data
were taken from medical records or records and logs. Hence there is an identical decrement
in head circumference with dose in this group (Appendix, Table 7).

In Table 3 and Fig. 1 we present results from the regression model for the effect of fetal dose
on chest circumference, showing a significant dose-related reduction in chest size of —0.884
cm/Gy (95% CI -1.573, -0.103, P=0.023). As in the case of head circumference, the
decrement is greatest for those exposed in the first trimester, but the interaction of reduction
in chest circumference per unit dose by trimester does not reach statistical significance (P

= 0.144). Again, since all individuals with chest circumference data came from the subset

of data taken from medical records or medical records and logs, the results are identical to
those in the full dataset (Appendix, Table 8).

Table 4 and Fig. 1 give results from the regression model for neonatal length and fetal dose.
In this case, not all subjects with neonatal length data are from the medical record subset.

In the full dataset, there is no significant association between dose and neonatal length
overall (-0.577 cm/Gy, 95% CI -1.392, 0.259, A= 0.169), although there is a stronger,
borderline significant reduction in neonatal length with exposure in the 3rd trimester (-1.120
cm/Gy, 95% CI -2.673, —0.001, A= 0.049). In the medical record subset, there is a similar,
non-significant decrement in neonatal length with radiation dose (-0.561 cm/Gy, 95% ClI
-1.489, 0.524, P=0.253) (Appendix, Table 9), with indications of a much stronger effect
among those exposed in the first trimester, for whom the associations is again borderline
statistically significant (P = 0.045).

The regression analyses of Table 5 and Fig. 1 show that in the full dataset there was
a small positive, non-significant association between fetal dose and birth weight, with a
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very wide confidence interval (42.700 g/Gy, 95% CI -78.439, 162.354, P=0.468). In the
subset of data taken from medical records or records cards and logs there is a borderline
significant indication of a decrease in birthweight with increasing dose (-135.309 g/Gy,
95% CIl —275.303, 25.310, P=0.075) (Appendix, Table 10), with suggestions of a stronger
negative effect among those exposed in the first and third trimesters, the latter borderline
statistically significant (P= 0.061).

Table 6 and Fig. 1 demonstrate a highly significant association between fetal dose and later
delivery (0.471 weeks/Gy, 95% CI 0.198, 0.836, Z=0.007). Exposures in the 1st trimester
had a much stronger effect on the timing of delivery than those later in pregnancy, although
only for third trimester exposure was the increase in gestational length conventionally
significant (0.564 weeks/Gy, 95% CI 0.263, 1.017, £=0.009). There is a slightly larger
increase in gestational length with radiation dose in the subset of data taken from medical
records or medical records and logs (0.787 weeks/Gy, 95% CI1 0.273, 1.426, P=0.014)
(Appendix, Table 11), and again there are indications of a much stronger effect among those
exposed in the first trimester, although only for third trimester exposure was the increase

in gestation length conventionally significant (1.330 weeks/Gy, 95% CI 0.560, 2.710, P=
0.036).

Discussion

In a cohort of individuals exposed prenatally to Chernobyl fallout in Ukraine, the most
striking findings were the inverse associations between fetal thyroid 1-131 dose and

head and chest circumference (estimated reductions of —1.0 cm/Gy). There was also a
positive association with gestational length (0.5 wk/Gy). The observed associations with
prenatal exposure to 1-131 are highly significant and are robust, remaining significant after
adjustment for potentially confounding variables. There is no significant effect of fetal
thyroid 1-131 dose on neonatal length or birthweight.

Although there are important differences in the experience in Japan and Chernobyl, in the
type of radiation as well as the dose and dose rate—both higher in Japan—the results of
studies among in utero- exposed survivors of the atomic bombings serve to provide some
context. Head size at age 17 for those proximal to the bombing in Hiroshima (within

1500 m) was found to be 0.4-1.4 cm smaller compared with the more distal subjects,
although individual doses were not estimated [14]. Otake and Schull [3] determined a 43.5%
prevalence of small head size (smaller than 2 SD below the mean) among those exposed

in utero to 1 Gy or more from the bombs in Hiroshima and Nagasaki, compared with a
prevalence of 1.7% among the unexposed. Since small head size was defined as 2 or more
SD less than the mean, and SD in most groups was between 1.5 and 1.9 cm [3], this suggests
a reduction of between 3.0 — 3.8 (=2 x 1.5 - 2 x 1.9) cm in head circumference in this

high dose group, who received a mean dose of 1.302 Gy. This would indicate a reduction of
between 3.0 x (0.435 — 0.017)/1.302 = 0.96 cm Gy~ 1 and 3.8 x (0.435 — 0.017)/1.302 cm
Gy~ =1.22 cm Gy1 both figures close to our figure of 0.954 Gy~1 (Table 2). However,
since doses are higher in the A-bomb cohort, there is a greater likelihood of head size <2

SD below the mean. Otake and Schull [3] measured head size between the ages of 9 and 19,
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when influences in postnatal life may have played a role, whereas we measured head size at
birth.

Our findings of a significant decrease in chest circumference with increasing fetal 1-131
thyroid dose (Table 3) can also be compared with those in the atomic bomb survivors
exposed in utero. Nakashima [15] documented a change in chest circumference of -1.37 +
0.53 cm/Gy, which is statistically compatible with the estimate we derive of —0.884 cm/Gy
(95% CI1 -1.573, —0.103) (Table 3). As with our data, the effect was greatest for exposures
earliest in gestation [15].

The dose-related reduction in neonatal length we observed, -0.577 cm/Gy (95% CI -1.392,
0.259) (Table 4) is in the same direction as, but less than, the estimates derived from the in
utero-exposed Japanese atomic bomb survivors, of —=2.65 + 0.65 cm/Gy [15]. With respect to
birth weight, in the full dataset our central estimate of change in birth weight with fetal dose,
42.700 g/Gy (95% CI —-78.439, 162.354) (Table 5) is opposite in direction to the change in
weight at ages 9-19 in the atomic bomb survivors, estimated as —2460 + 740 g/Gy [15].

In the medical records subset (Table 10), the estimate is negative (-135.309 g/Gy (95% ClI
-275.303, 25.310, P=0.075), although still less than the estimate of Nakashima [15]. In
both cases our estimates have wide confidence intervals.

Our finding of a significant dose-related increase in gestational length is also notable but
somewhat difficult to interpret. Interestingly, an earlier survey of mother—child pairs from
contaminated regions of Belarus and Ukraine over the period from 1983 to 1990 [16]
reported a 1.5-2-fold increase in post-term births after the accident, as well as some increase
in macrosomia. The possible mechanism for radiation affecting the triggers for term delivery
remains unclear.

Neonatal anthropometrics have also been studied in Belarus, in a cohort of 250 children
exposed in utero to 1-131 from the Chernobyl accident and a comparable group of

250 unexposed controls [17]. There were no significant differences (P = 0.95) in head
circumference, birth weight or neonatal length between the groups of ‘exposed’ and
‘unexposed’ children. Analyses were not carried out looking at varying levels of absorbed
thyroid dose. Moreover, 55% of the ‘exposed’ children were 16 or more weeks of gestation
at the time of the accident, and so were beyond the radiosensitive period. Finally, the
statistical uncertainties given the small sample size and low power to detect differences
imply that the results of the two studies are not inconsistent.

Head size is recognized as an important reflection of growth of the brain [18], and the fetal
brain appears to be particularly sensitive to radiation early in gestation, during development
of the central nervous system [19]. In early pregnancy the fetus is so small that there may
be little difference in the 1-131 dose to the thyroid and to the brain. At one month, the fetus
is ~1 mm long and weighs ~1 g. At 2 months it is ~12 mm long and weighs ~4 g; and at 3
months it is ~47 mm long and weighs ~30 g. Beta rays from 1-131 have energy mostly ~0.6
MeV and can travel 5 mm in water.

The mechanism(s) for an effect on head size from prenatal 1-131 exposure is not entirely
clear, but it may include maternal or fetal hypothyrodisim during critical periods of brain
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development, or interference with the HPT axis governing growth. In children with cancer
receiving radiotherapy, the growth hormone axis has been found to be highly vulnerable to
negative effects, with hypopituitarism following high dose cranial irradiation and precocious
puberty in girls seen at lower therapeutic doses [20]. It is possible our finding may also

be growth-related since the decrement in head circumference among those exposed early in
gestation—a period corresponding to the highest velocity of head growth—is greater than
the overall decrement associated with dose.

Potential limitations of the study should be considered. Head circumference at birth is
influenced by the length of gestation and by gender of the offspring as well as by a variety
of environmental, genetic and maternal factors, in particular maternal height and weight
[21-24], parity [25], and cigarette smoking [26]. Although we are able to adjust for the
confounding effects of many of these, including to a great extent maternal size, we lack
information on certain others, such as smoking and alcohol consumption. While, there is no
a priori reason to expect that lifestyle factors would be correlated with in utero 1-131 dose,
there is the possibility that such confounding does exist.

The impact of accident-related stress is an issue that should be considered. Perceived risk
of Chernobyl-related illness among mothers evacuated from contaminated regions has been
linked to higher levels of anxiety and depression [27]. However, there is no evidence that
maternal stress per se has any impact on the head circumference of offspring, although
there could potentially be indirect effects mediated through stress-related behaviors such as
maternal malnutrition. Maternal stress has been reported to increase risk of preterm delivery
[28], but not later delivery times as observed here.

Also, while we have individual estimates of prenatal thyroid dose from intakes of 1-131
by the mother, clearly differentiated from any postnatal component, we do lack data on
exposure to external radiation during pregnancy. However, doses for the settlements where
cohort members resided are expected to be small, approximately 10 mGy on average [29],
and hence are unlikely to have an appreciable impact on the results reported here.

A potential problem is the proportion of missing data, which for some endpoints, e.g., head
circumference and chest circumference, is appreciable (Table 1). Absence of data was to

a considerable extent due to the loss of medical records for cohort members from areas
where the local medical facilities destroyed records after the mandatory 25-year retention
period. Apart from this, there appears to be no systematic pattern to the missingness, as is
also indicated by the striking similarity in the distribution of endpoints and covariates in the
full cohort and in the subset with data taken from medical records (Table 1). Preliminary
investigations using multiple imputation [30] and pattern-mixture modeling [31] to deal with
the missing data issue suggest that it has not introduced a substantial bias.

Several points need to be borne in mind in interpreting the findings. We have presented the
results as effect sizes at 1 Gy, while the mean dose in the analytic sample is far smaller—

about 0.05-0.06 Gy (Table 1). Even at 1 Gy, the estimated reduction in head circumference
of —1.0 cm represents a decrease of only about half a SD and is similar in magnitude to the
1 cm difference in head size at birth among U.S. males and females [32, 33]. Hence, while
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the finding is noteworthy given the Japanese data, there are likely to be only small changes
in cognitive function or child development among exposed cohort members whose doses
are generally lower (see Table 1). The effects on 1Q and academic performance reported in
Japan [34] were seen only in children with ‘small heads’—that is, with head circumference
more than 2 SD below the mean—a definition sometimes used for diagnosing microcephaly
(Centers for Disease Control and Prevention (CDC), 2016). Studies in individuals with more
modest reductions in head size at birth, within the normal range, do not find that 1Q or
cognitive performance in childhood or adult life is substantially affected [35-38]. Rather,
genetic factors and postnatal influences such as socioeconomic environment appear to be far
stronger influences on cognitive function [39, 40]).

Our study has several strengths. It is based on a relatively large, well-established cohort

of exposed mother—child pairs for whom individual prenatal thyroid 1-131 doses have been
estimated. It is virtually the first examination of neonatal outcomes and in utero exposure to
I-131, the typical component of nuclear accident releases.

Conclusions

We have analyzed a range of informative endpoints, based largely on recorded
measurements, and the reductions we observed in head size and chest circumference

are compatible with those in the Japanese atomic bomb survivors exposed prenatally to
external radiation, suggesting that the biological effects on the fetus of internal exposure to
lodine-131 are similar to those of penetrating external radiation. Further follow-up of the
cohort would help to identify the long-term consequences of prenatal radiation exposure and
assess the clinical significance of the results obtained.
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Appendix
See Tables 7, 8,9, 10 and 11.

Table 7

Multivariate regression model to assess the relationship of head circumference (cm) with
fetal dose, restricted to individuals with data taken from medical records, or medical records

and logs
Parameter estimate (+95% Cl) 2-sided P value
Fetal dose (cm/Gy) -0.954 (-1.493, -0.329) 0.005
Trimester 1 versus trimester 3 -0.214 (-0.524, 0.054) 0.134

Eur J Epidemiol. Author manuscript; available in PMC 2023 August 17.
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Parameter estimate (+95% Cl)  2-sided P value

Trimester 2 versus trimester 3 -0.188 (—0.488, 0.060) 0.176
Parity 1 versus parity 0 0.036 (-0.217, 0.267) 0.771
Gestation weeks (cm/week) 0.307 (0.214, 0.413) <0.001
Baby sex female versus baby sex male -0.307 (-0.543, -0.095) 0.008
Twin versus singleton -1.190 (-2.709, -0.284) 0.0104
Maternal age (cm/year) 0.010 (-2.930, 2.793) 0.936
Maternal height (cm/cm) 0.005 (-0.033, 3.470) 1.000
Maternal weight at 1st clinic (cm/kg) 0.059 (0.031, 0.138) 0.010
Model with separate dose x trimester

Dose in trimester 1 (cm/Gy) -7.072 (-28.770, 53.512) 0.660

Dose in trimester 2 (cm/Gy) -1.504 (-2.326, -0.716) 0.003

Dose in trimester 3 (or missing) (cm/Gy)  —0.275 (-1.121, 0.867) 0.541
Linear quadratic model in dose

Linear dose (cm/Gy) -1.163 (-2.561, 0.304) 0.113

Quadratic dose (cm/Gy?) 0.206 (-0.936, 1.335) 0.709

anaIue derived from BCA-confidence intervals via Normal distribution

Page 11

All regressions evaluated using 4999 bootstrap resamples. Model adjusted for trimester of exposure, parity, gestation
weeks, baby’s sex, singleton/twin birth, maternal age at delivery of offspring, maternal height and maternal weight at first
clinic visit. The estimates for the constant term and for indicators of covariate missingness are not given. Analysis of 7=
887 persons with non-missing data on head circumference and fetal dose, with data taken from medical records and/or logs

Table 8

Multivariate regression model to assess the relationship of chest circumference (cm) with
fetal dose, restricted to individuals with data taken from medical records, or medical records

and logs
Parameter estimate (+95% Cl) 2-sided P value

Fetal dose (cm/Gy) -0.884 (-1.573, —0.103) 0.023
Trimester 1 versus trimester 3 -0.017 (-0.357, 0.289) 0.921
Trimester 2 versus trimester 3 0.017 (-0.294, 0.301) 0.912
Parity =1 versus parity 0 0.188 (-0.091, 0.459) 0.178
Gestation weeks (cm/week) 0.258 (0.165, 0.365) <0.001
Baby sex female versus baby sex male —0.360 (-0.602, —0.136) 0.005
Twin versus singleton -1.457 (-2.943, —0.409) 0.025
Maternal age (cm/year) 0.003 (-3.133, 3.661) 0.999
Maternal height (cm/cm) 0.009 (-0.085, 3.254) 1.000
Maternal weight at 1st clinic (cm/kg) 0.056 (0.024, 0.131) 0.018
Model with separate dose x trimester

Dose in trimester 1 (cm/Gy) -10.627 (-29.577, 39.067) 0.291

Dose in trimester 2 (cm/Gy) -1.592 (-2.310, —0.345) 0.006

Dose in trimester 3 (or missing) (cm/Gy)  —0.004 (-0.883, 1.212) 0.994
Linear quadratic model in dose

Linear dose (cm/Gy) 0.337 (-1.294, 1.944) 0.679
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Parameter estimate (+95% CI)

2-sided P value

Quadratic dose (cm/Gy?)

~1.205 (-2.621, 0.234)

0.095

All regressions evaluated using 4999 bootstrap resamples. Model adjusted for trimester of exposure, parity, gestation
weeks, baby’s sex, singleton/twin birth, maternal age at delivery of offspring, maternal height and maternal weight at first
clinic visit. The estimates for the constant term and for indicators of covariate missingness are not given. Analysis of 7=
882 persons with non-missing data on chest circumference and fetal dose, with data taken from medical records and/or logs

Table 9

Multivariate regression model to assess the relationship of neonatal length (crown-heel
length, cm) with fetal dose, restricted to individuals with data taken from medical records, or

medical records and logs

Parameter estimate (+95% CI)

2-sided P value

Fetal dose (cm/Gy)

Trimester 1 versus trimester 3

Trimester 2 versus trimester 3

Parity =1 versus parity 0

Gestation weeks (cm/week)

Baby sex female versus baby sex male

Twin versus singleton

Maternal age (cm/year)

Maternal height (cm/cm)

Maternal weight at 1st clinic (cm/kg)

Model with separate dose x trimester
Dose in trimester 1 (cm/Gy)

Dose in trimester 2 (cm/Gy)

Dose in trimester 3 (or missing) (cm/Gy)

Linear quadratic model in dose
Linear dose (cm/Gy)
Quadratic dose (cm/Gy?)

-0.561 (-1.489, 0.524)
-0.283 (-0.652, 0.081)
-0.211 (-0.538, 0.111)
0.337 (0.021, 0.666)
0.611 (0.492, 0.797)
~0.958 (~1.255, ~0.676)
-1.692 (-2.840, -0.151)
0.018 (0.035, 10.115)
0.067 (~1.179, 1.894)
0.023 (~0.044, 0.058)

-25.035 (~72.363, —3.464)
0.238 (~1.002, 2.276)
-1.485 (-3.751, 0.155)

-1.106 (-3.391, 1.298)
0.550 (-1.367, 2.833)

0.253
0.123
0.196
0.038
<0.001
<0.001
0.029
1.000
0.998
0.353

0.045
0.767
0.134

0.345
0.575

All regressions evaluated using 4999 bootstrap resamples. Model adjusted for trimester of exposure, parity, gestation
weeks, baby’s sex, singleton/twin birth, maternal age at delivery of offspring, maternal height and maternal weight at first
clinic visit. The estimates for the constant term and for indicators of covariate missingness are not given. Analysis of 7=
1088 persons with non-missing data on neonatal length and fetal dose, with data taken from medical records and/or logs

Table 10

Multivariate regression model to assess the relationship of birthweight (g) with fetal dose,
restricted to individuals with data taken from medical records, or medical records and logs

Parameter estimate (+95% CI)

2-sided P value

Fetal dose (g/Gy)

Trimester 1 versus trimester 3
Trimester 2 versus trimester 3
Parity =1 versus parity 0
Gestation weeks (g/week)

Baby sex female versus baby sex male

Eur J Epidemiol. Author manuscript; available in PMC 2023 August 17.

-135.309 (-275.303, 25.310)

28.182 (~37.779, 92.298)
-23.459 (-83.411, 40.937)
120.698 (61.496, 179.927)
148.322 (127.578, 166.017)

-171.855 (-225.452, -121.588)

0.075
0.393
0.439
<0.001
<0.001
0.002
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Parameter estimate (+95% ClI) 2-sided P value

Twin versus singleton -762.013 (-912.490, 73.368) 0.080
Maternal age (g/year) 5.499 (-3.851, 2065.143) 0.282
Maternal height (g/cm) 12.915 (4.882, 712.024) 0.0022
Maternal weight at 1st clinic (g/kg) 11.193 (5.898, 16.962) <0.001
Model with separate dose x trimester

Dose in trimester 1 (g/Gy) —-2869.097 (-16, 192.029, 5437.288) 0.477

Dose in trimester 2 (g/Gy) —-23.532 (-191.909, 241.571) 0.823

Dose in trimester 3 (or missing) (g/Gy) —-265.390 (-528.084, 12.830) 0.061
Linear quadratic model in dose

Linear dose (g/Gy) -258.731 (-676.398, 116.034) 0.196

Quadratic dose (g/Gy?) 124.899 (-191.511, 474.730) 0.434

a . ) . . o
Pvalue derived from BCA-confidence intervals via Normal distribution

Page 13

All regressions evaluated using 4999 bootstrap resamples. Model adjusted for trimester of exposure, parity, gestation
weeks, baby’s sex, singleton/twin birth, maternal age at delivery of offspring, maternal height and maternal weight at first
clinic visit. The estimates for the constant term and for indicators of covariate missingness are not given. Analysis of 7=
1106 persons with non-missing data on birthweight and fetal dose, with data taken from medical records and/or logs

Table 11

Multivariate regression model to assess the relationship of gestational age at delivery

(weeks) with fetal dose, restricted to individuals with data taken from medical records, or

medical records and logs

Parameter estimate (+95% Cl)  2-sided P value

Fetal dose (weeks/Gy) 0.787 (0.273, 1.426) 0.014
Trimester 1 versus trimester 3 -0.105 (-0.366, 0.149) 0.430
Trimester 2 versus trimester 3 -0.027 (-0.244, 0.198) 0.802
Parity =1 versus parity 0 0.175 (-0.034, 0.399) 0.110
Baby sex female versus baby sex male 0.018 (-0.179, 0.211) 0.855
Twin versus singleton -0.845 (-1.785, —0.090) 0.046
Maternal age (weeks/year) -0.017 (-0.045, 0.012) 0.281
Maternal height (weeks/cm) 0.009 (-0.011, 0.030) 0.577
Maternal weight at 1st clinic (weeks/kg) 0.015 (-0.004, 0.031) 0.075
Model with separate dose x trimester

Dose in trimester 1 (weeks/Gy) 15.440 (4.421, 91.846) 0.566

Dose in trimester 2 (weeks/Gy) 0.298 (-0.524, 1.078) 0.410

Dose in trimester 3 (or missing) (weeks/Gy) 1.330 (0.560, 2.710) 0.036
Linear quadratic model in dose

Linear dose (weeks/Gy) 2.210 (0.595, 3.790) 0.014

Quadratic dose (weeks/Gy?) -1.423 (-2.836, -0.109) 0.028

All regressions evaluated using 4999 bootstrap resamples. Model adjusted for trimester of exposure, parity, baby’s sex,
singleton/twin birth, maternal age at delivery of offspring, maternal height and maternal weight at first clinic visit. The
estimates for the constant term and for indicators of covariate missingness are not given. Analysis of 7= 1065 persons with
non-missing data on gestational age and fetal dose, with data taken from medical records and/or logs

Eur J Epidemiol. Author manuscript; available in PMC 2023 August 17.
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Fig. 1.

Change from measure in <0.05 Gy fetal dose group in a head circumference, b chest
circumference, ¢ neonatal length, d birthweight, and e gestation length. In all cases the
baseline is adjusted in the same way as the corresponding variables in Tables 2, 3, 4, 5 and 6
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