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1  |  INTRODUC TION

Traumatic brain injury (TBI) is a leading cause of acquired epilepsy.1– 3 
Injury severity,3 type, and location of the injury4,5 are critical risk fac-
tors for epilepsy after TBI, but other characteristics and conditions, 
such as sex, age, genetics,2 psychiatric co- morbidity, and preceding 
TBI6 are all likely to influence the epileptogenic processes as well. 
Far from all contributions of personal traits are well understood. 
Perinatal adversities such as low birth weight, low gestational age at 
birth, low Apgar score, and being born small for gestational age are 

well- known risk factors for the development of epilepsy,7– 15 but the 
impact of these factors on the risk of epilepsy and other neurological 
conditions among persons who have suffered TBI has not previously 
been studied. Related studies on the cognitive sequelae following 
TBI suggested that recovery following TBI was attenuated in low 
birth weight children compared with normal birth weight children16 
and that children with underlying neurodevelopmental disorders 
experienced prolonged trajectories of mild TBI with respect to the 
severity of symptoms.17 This suggests that such perinatal adversi-
ties may increase the brain's vulnerability to subsequent neurologic 
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Objectives: Traumatic brain injury (TBI) and perinatal adversities such as low gesta-
tional age at birth, low birth weight, low Apgar, and being born small for gestational 
age are well- established risk factors for epilepsy. We examined whether perinatal ad-
versities modified the risk of epilepsy after TBI in a nationwide cohort study of Danish 
singletons born from 1982 to 2011.
Materials and Methods: We categorized perinatal adversities as a composite measure 
of preterm delivery, low birth weight, low Apgar score, or being born small for gesta-
tional age. Cox regression and competing risk regression were used to estimate the 
risk of epilepsy after TBI according to such perinatal adversities. The study included 
1,715,095 singletons (51.1% males). The mean age at end of follow- up was 19.3 years 
(Interquartile range [IQR] = 12.1– 26.3). During follow- up, 85,636 persons (58.2% 
males) sustained a TBI and 18,064 developed epilepsy (50.7% males), of whom 1329 
persons had a preceding TBI.
Results: The hazard ratio (HR) of epilepsy in persons with perinatal adversities was 
1.19 (95% confidence interval [CI] 1.15– 1.24), compared to persons without. The HR 
of epilepsy in persons with TBI was 2.31 (95% CI 2.18– 2.45) compared to persons 
without TBI, but this risk was not modified by perinatal adversities (p = 0.2460).
Conclusions: Perinatal adversities and TBI both increased the risk of epilepsy, but the 
risk of epilepsy after TBI was not modified by these perinatal adversities.
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insults, and in particular TBI. However, it remains unknown whether 
such perinatal adversities and TBI act independently of each other 
on the risk of epilepsy, or if adverse perinatal outcomes modify the 
risk of epilepsy after TBI.

In this nationwide register- based cohort study, we explored 
whether the risk of epilepsy after TBI was modified by perinatal ad-
versities including low birth weight, short gestational age, low Apgar 
score, and being born small for gestational age. This association was 
further examined according to severity of and age at TBI.

2  |  MATERIAL S AND METHODS

2.1  |  Study design and participants

We identified 1,794,360 singletons born in Denmark between 
January 1, 1982 and December 31, 2011 with a known mother who 
were alive and residing in Denmark on their 5th birthday. Personal 
identification numbers of focal persons and their parents were iden-
tified using the Danish Civil Registration System.18,19 These individ-
ual numbers were used for inter- register linkage. Persons diagnosed 
with either epilepsy (N = 9907) or TBI (N = 39,092) before the age 
of five years were excluded. Furthermore, we excluded persons with 
missing information of either birth weight, gestational age at birth or 
Apgar score five minutes after birth (N = 29,683), with a registered 
gestational age at birth lower than 22 weeks (N = 75) and higher 
than 45 weeks (N = 133), and children with an improbably high birth 
weight (more than three standard deviations) according to their ges-
tational age in weeks 22– 33 (N = 375).20 The final population in-
cluded 1,715,095 persons (51.1% males).

2.2  |  Birth weight, gestational age, and Apgar score

Information on gestational age at birth, birth weight, and Apgar score 
at five minutes after birth was obtained from the Danish Medical 
Birth Registry, which contains records on all Danish births since 
1973.21 Persons were characterized with preterm birth if they were 
born before gestational week 37, with low birth weight if they were 
born lighter than 2500 g, with low Apgar score if the Apgar score was 
lower than 7, and small for gestational age based on the distribution of 
sex-  and gestational age- specific z- scores in the full sample, if their 
z- score was below the 10th percentile.9,22 We defined a composite 
measure of any adverse perinatal outcome if persons were either born 
preterm, with a low birth weight, with a low Apgar score, or small for 
gestational age.

2.3  |  Traumatic brain injury

TBI diagnoses were identified from the Danish National Patient 
Registry, which holds information on all inpatient hospitalizations 
from 1977 and all outpatient and emergency room contacts from 

1995.23 Prior to January 1, 1994, diagnoses were registered accord-
ing to the International Classification of Diseases, eighth revision 
(ICD- 8), and subsequently according to the tenth revision (ICD- 10). 
Similar to our previous studies,2,6 subjects were classified with mild 
TBI (ICD- 8:850.99; ICD- 10:S060), skull fracture (ICD- 8: 800, 801, 
and 803; ICD- 10: S020, S021, S027, and S029), and severe TBI (ICD- 
8: 851- 854; ICD- 10: S061- S069) based on hospital diagnoses of TBI. 
TBI onset was defined as the first day of the first hospital contact 
with a TBI diagnosis. Persons with multiple diagnoses on the same 
hospital contact were characterized with the most severe diagnosis 
with regard to the risk of epilepsy.

2.4  |  Epilepsy

The Danish National Patient Registry was used to classify subjects 
with epilepsy based on hospital diagnoses of epilepsy (ICD- 8: 345, 
excluding 345.29; ICD- 10: G40). Epilepsy onset was defined as the 
first day of the first hospital contact with an epilepsy diagnosis. 
Epilepsy diagnoses within two weeks of a TBI were ignored, because 
seizures occurring within the first two weeks after a TBI are consid-
ered the result of acute injury and by definition not epilepsy.24

2.5  |  Statistical methods

Children were followed from their 5th birthday until onset of epi-
lepsy, death, emigration from Denmark, or December 31, 2016, 
whichever came first. Cox regression models were used to esti-
mate the hazard ratios (HR) of epilepsy after TBI according to the 
composite measure of adverse perinatal outcomes along with the 
corresponding 95% confidence intervals (CIs). HRs of epilepsy after 
TBI were further estimated according to any adverse perinatal out-
come by strata of TBI severity and age at TBI. TBI was treated as a 
time- varying exposure. We used the coxph function in R with robust 
standard errors.25 Age was used as the underlying time scale. Effect 
modification was evaluated on a multiplicative scale using Wald tests 
and on an additive scale using the relative excess risk of interaction 
(RERI).26 Confidence intervals of the latter were calculated using 
the delta method.27 Regression models were adjusted for calendar 
year, maternal age at delivery (continuous), maternal education at 
birth (lower, medium, higher, and missing), maternal civil status at 
birth (married, unmarried, divorced, and widowed), psychiatric co- 
morbidity (ICD- 8:290- 315.99; ICD- 10: F00- F99), parental epilepsy, 
maternal hypertension (ICD- 8: 637.00; ICD- 10: O13, O16), and pre- 
eclampsia during pregnancy (ICD- 8: 637.03, 637.04, 637.09; ICD- 10: 
O141- O143, O149, O15), congenital malformations of the nervous 
system (ICD- 8: 740- 743; ICD- 10: Q00- Q07), cerebral palsy (ICD- 8: 
343, ICD- 10: G80- G83), and were stratified by sex. Maternal covari-
ates and sex were treated as time- invariant, whereas the remaining 
covariates were treated as time- varying.

The 20- year cumulative incidence of epilepsy after TBI was 
estimated according to adverse perinatal outcomes by means of 
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competing risk regression with death and emigration as competing 
events and time since TBI as the underlying time scale. In order to 
estimate the cumulative incidence of epilepsy among persons with-
out TBI, we used exposure density sampling28 to sample controls 
(5:1) who did not have a TBI at the date of TBI in the index person, 
but had a similar distribution of sex and age (year of birth).

2.6  |  Sensitivity analyses

The risk of epilepsy after TBI may differ according to the individual 
adverse perinatal risk factors, and we estimated this risk according 
to preterm delivery, low birth weight, low Apgar score, and being 
born small for gestational age, respectively.

The risk of epilepsy is inversely associated with gestational age 
at birth, birth weight, and Apgar score. We examined if the risk of 
epilepsy after TBI was modified by different levels of gestational age 
at birth (weeks <33, 33– 36, 37– 38, 39– 41, and ≥42), birth weight 
(<2000 g, 2000– 2499 g, 2500– 2,999 g, 3000– 3999 g, and ≥4000 g), 
and Apgar scores (<7, 7– 8, 9, and10). Wald tests were performed to 
test for equality of the risk of epilepsy after TBI according to levels 
of each risk factor.

3  |  RESULTS

The study population was followed for a total of 24,797,809 per-
son years. The median age at the end of follow- up was 19.3 years 

(Interquartile range [IQR] = 12.1– 26.3). During follow- up, 85,636 per-
sons (58.4% males) sustained a TBI and 18,064 developed epilepsy 
(50.7% males). At end of follow- up, 1329 persons had developed epi-
lepsy after a TBI. Adverse perinatal outcomes were associated with 
both TBI and epilepsy; the differences were subtle with respect to 
TBI status and more pronounced with respect to epilepsy (Table 1). 
Other characteristics of the study population are shown in Table S1.

3.1  |  Main results

The relative risk of epilepsy was higher in persons with adverse peri-
natal outcomes, than in persons without such perinatal adversities 
(HR 1.19, 95% CI 1.15– 1.24, not presented in tables). Compared with 
persons without TBI, the relative risk of epilepsy was doubled in 
persons after a TBI (HR 2.31, 95% CI 2.18 to 2.45, not presented in 
tables). The risk of epilepsy after TBI was not modified by the com-
posite measure of any adverse perinatal outcome neither on a mul-
tiplicative (p = .2460) nor additive (RERI 0.05, 95% CI −0.32 to 0.42) 
scale (Table 2). The 20- year cumulative risk of epilepsy after TBI was 
higher in persons with both TBI and adverse perinatal outcomes, 
compared to persons with either or none of the conditions (Table 2).

The risk of epilepsy was higher after TBI in accord with the sever-
ity of said TBI (Table 3), but was not modified by the composite mea-
sure of any adverse perinatal outcome for either mild TBI (p = .3381, 
RERI 0.05, 95% CI −0.32 to 0.42), skull fracture (p = 0.6608, RERI 
−0.16, 95% CI −2.81 to 2.49), or severe TBI (p = .5948, RERI 0.23, 
95% CI −1.93 to 2.38).

TA B L E  1  Perinatal characteristics of the study population with respect to traumatic brain injury (TBI) and epilepsy in a population of 
1,715,095 singletons born in Denmark (1982– 2011)

TBI Epilepsy

No (N = 1,629,459) Yes (N = 85,636) No (N = 1,697,031) Yes (N = 18,064)

Any adverse perinatal outcome

Yes 235,831 (14.47%) 14,506 (16.94%) 246,760 (14.54%) 3,547(19.64%)

No 1,393,628 (85.53%) 71,130 (83.06%) 1,450,241 (85.46%) 14,517 (80.36%)

Preterm birth

Yes 73,619 (4.52%) 3961 (4.63%) 76,494 (4.51%) 1086 (6.01%)

No 1,555,840 (95.48%) 81,675 (95.37%) 1,620,537 (95.49%) 16,978 (93.99%)

Low birth weight

Yes 57,641 (3.54%) 3496 (4.08%) 60,116 (3.54%) 1021 (5.65%)

No 1,571,818 (96.46%) 82,140 (95.92%) 1,636,915 (96.46%) 17,043 (94.35%)

Low Apgar score

Yes 10,691 (0.66%) 627 (0.73%) 11,067 (0.65%) 251 (1.39%)

No 1,618,768 (99.34%) 85,009 (99.27%) 1,685,964 (99.35%) 17,813 (98.61%)

Small for gestational age

Yes 161,106 (9.89%) 10,524 (12.29%) 169,185 (9.97%) 2445 (13.54%)

No 1,468,353 (90.11%) 75,112 (87.71%) 1,527,846 (90.03%) 15,619 (86.46%)

Note: Tests for group level differences between exposure (TBI vs. no TBI) and outcome (epilepsy vs. no epilepsy) were significant for all perinatal 
characteristics (p < .0001)
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Table 4 depicts the risk of epilepsy after TBI according to age 
at TBI and adverse perinatal outcomes. For persons who sustained 
their first TBI between age 10 and 19, the relative risk of epilepsy 
after TBI was lower for persons with perinatal adversities than for 
persons without such adversities (p = 0.0465, RERI −0.25, 95% CI 
−0.75 to 0.25). There was no significant difference in the risk of ep-
ilepsy after TBI among the other age groups irrespective of any ad-
verse perinatal outcomes.

3.2  |  Sensitivity analyses

When examined individually for each of the included perinatal risk 
factors, the risk of epilepsy after TBI was lower for persons born 
preterm (p = .0224, RERI −0.45, 95% CI −0.99 to 0.09) and with low 
Apgar score (p = .0121, RERI −1.22, 95% CI −2.28 to −0.15), but 
not for persons with low birth weight (p = .5554, RERI 0.14, 95% CI 
−0.52 to 0.79) or born small for gestational age (p = .8199, RERI 0.16, 

TA B L E  2  Risk of epilepsy after traumatic brain injury (TBI) according to the composite measure of any adverse perinatal outcome in a 
population of 1,715,095 singletons born in Denmark (1982– 2011)

Any adverse perinatal 
outcome Any TBI IR (95% CI)

20- year cumulative 
incidence (95% CI)

Unadjusted HR (95% 
CI)a

Adjusted HR (95% 
CI)b p- valuec

No No 0.67 
(0.66– 0.68)

1.16 (1.10– 1.21) Ref Ref – 

Yes 1.41 (1.33– 1.50) 2.26 (2.09– 2.42) 2.59 (2.43– 2.76) 2.35 (2.20– 2.51) – 

Yes No 0.88 
(0.85– 0.91)

1.62 (1.46– 1.77) Ref Ref – 

Yes 1.75 (1.56– 1.97) 2.80 (2.42– 3.17) 2.45 (2.17– 2.78) 2.17 (1.92– 2.45) .2460

Note: The relative excess risk of interaction (RERI) was 0.05 (95% CI −0.32 to 0.42).
Abbreviations: CI, Confidence interval; HR, Hazard ratio; IR, Incidence rate per 1000 person years; TBI, Traumatic brain injury.
aModels were adjusted for calendar year and stratified by sex.
bModels were further adjusted for parental epilepsy, maternal education and marital status at focal persons' birth, maternal age at birth, maternal 
hypertension and pre- eclampsia during pregnancy, cerebral palsy, congenital malformations of the nervous system, and psychiatric co- morbidity.
cWald test for the interaction between any TBI and any adverse perinatal outcome.

TA B L E  3  Risk of epilepsy after traumatic brain injury (TBI) according to the composite measure of any adverse perinatal outcome and TBI 
severity in a population of 1,715,095 singletons born in Denmark (1982– 2011)

Any adverse 
perinatal outcome TBI Severity IR (95% CI)

20- year cumulative 
incidence (95% CI)

Unadjusted HR 
(95% CI)a

Adjusted HR (95% 
CI)b p- valuec

No No TBI 0.67 
(0.66– 0.68)

1.16 (1.10– 1.21) Ref Ref – 

Mild TBI 1.28 
(1.20– 1.37)

2.07 (1.91– 2.24) 2.34 (2.19– 2.51) 2.15 (2.01– 2.31) – 

Skull fracture 1.93 
(1.39– 2.69)

2.67 (1.72– 3.61) 3.69 (2.65– 5.15) 3.40 (2.44– 4.74) – 

Severe TBI 3.64 
(3.07– 4.32)

5.33 (4.15– 6.52) 6.96 (5.86– 8.27) 5.17 (4.35– 6.14) – 

Yes No TBI 0.88 
(0.85– 0.91)

1.62 (1.46– 1.77) Ref Ref – 

Mild TBI 1.62 
(1.42– 1.83)

2.63 (2.24– 3.02) 2.26 (1.98– 2.58) 2.00 (1.75– 2.28) .3381

Skull fracture 2.06 
(1.03– 4.12)

2.29 (0.58– 3.99) 2.95 (1.47– 5.90) 2.86 (1.43– 5.73) .6608

Severe TBI 4.03 
(2.88– 5.64)

5.65 (3.58– 7.71) 5.84 (4.16– 8.19) 4.66 (3.32– 6.54) .5948

Note: The relative excess risk of interaction (RERI) with adverse perinatal outcomes was 0.05 (95% CI −0.32 to 0.42) for mild TBI, −0.16 (95% CI −2.81 
to 2.49) for skull fracture, and 0.23 (95% CI −1.93 to 2.38) for severe TBI.
Abbreviations: CI, Confidence interval; HR, Hazard ratio; IR, Incidence rate per 1000 person years; TBI, Traumatic brain injury.
aModels were adjusted for calendar year and stratified by sex.
bModels were further adjusted for parental epilepsy, maternal education and marital status at focal persons' birth, maternal age at birth, maternal 
hypertension and pre- eclampsia during pregnancy, cerebral palsy, congenital malformations of the nervous system, and psychiatric co- morbidity.
cWald test for the interaction between severity of TBI and any adverse perinatal outcome.
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95% CI −0.27 to 0.59), contrasted to their comparable counterparts 
without the respective perinatal adversity (Table 5).

The relative risk of epilepsy after TBI did not differ between the 
chosen levels of either gestational age at birth (p = .2356, Table S2), 
birth weight (p = .8402, Table S3), or Apgar score (p = .0941, 
Table S4). However, the relative risk was lower for persons with a 
gestational age lower than 37, with a birth weight lower than 2000 g, 
and an Apgar score below 7, than for persons with other levels of the 
respective perinatal risk factors. These results were robust with re-
spect to mutual adjustment for other perinatal characteristics (data 
not shown).

4  |  DISCUSSION

In this nationwide cohort study, we showed that the risk of epilepsy 
following TBI was not modified by the composite measure of ad-
verse perinatal outcomes, irrespective of the severity of TBI.

This is the first study to address the role of adverse perinatal out-
comes for the risk of epilepsy after TBI. We suspected that the brain 
of persons with adverse birth outcomes might be more vulnerable 
to subsequent insults, and thereby potentiate the risk of epilepsy 
following TBI. For instance, in a study of cognitive sequelae follow-
ing TBI, the results indicated impaired cognitive recovery from TBI 
among children with low birth weight compared with normal birth 
weight children.16 This raises concern that persons who are already 

at a higher risk of epilepsy may suffer a more detrimental impact of 
TBI. However, results from our study suggest that although adverse 
perinatal outcomes and TBI are both associated with increased risk 
of epilepsy, the relative risk of epilepsy after TBI was not modified by 
adverse perinatal outcomes. Thus, persons with perinatal adversities 
did not face a greater relative risk of epilepsy after TBI than persons 
without such adversities.

In fact, opposite to our hypothesis, the relative risk of epilepsy 
after TBI tended to be slightly lower in persons with adverse perina-
tal outcomes than in persons without these outcomes. This was es-
pecially pronounced in some sub- group analyses when the perinatal 
risk factors were considered individually (e.g., children born preterm 
and with low Apgar). However, caution is warranted when interpret-
ing these findings and there may be other explanations, including 
selection mechanisms and confounding. For instance, TBI may have 
a weaker bearing on the relative risk of epilepsy in conjunction with 
perinatal risk factors, as has been proposed for a familial predisposi-
tion to epilepsy after repeated6 and penetrating head injury.5

Further, we started follow- up at age 5, and the lower risk could 
result from early death and a depletion of susceptibles; first, preterm 
birth complications are a leading cause of child death in children 
under 5 years29 and are inversely associated with gestational age 
at birth.30 Thus, children who survive perinatal adversities are pos-
sibly more resilient than children in general and thus less prone to 
developing epilepsy; second, perinatal adversities are associated 
with an early spike in the epilepsy incidence, which may deplete the 

TA B L E  4  Risk of epilepsy after traumatic brain injury (TBI) according to the composite measure of any adverse perinatal outcome and age 
at TBI in a population of 1,715,095 singletons born in Denmark (1982– 2011)

Any adverse perinatal 
outcome Age at TBI IR (95% CI)

20- year cumulative 
incidence (95% CI)

Unadjusted HR (95% 
CI)a

Adjusted HR (95% 
CI)b p- valuec

No No TBI 0.67 
(0.66– 0.68)

1.16 (1.10– 1.21) Ref Ref – 

5– 9 1.27 
(1.14– 1.40)

2.28 (2.03– 2.52) 2.00 (1.80– 2.21) 1.85 (1.67– 2.06) – 

10– 19 1.42 
(1.30– 1.54)

2.21 (1.96– 2.47) 2.82 (2.58– 3.08) 2.53 (2.32– 2.77) – 

20– 39 1.97 
(1.68– 2.32)

NA 5.49 (4.64– 6.50) 4.63 (3.91– 5.48) – 

Yes No TBI 0.88 
(0.85– 0.91)

1.62 (1.46– 1.77) Ref Ref – 

5– 9 1.96 
(1.64– 2.34)

3.38 (2.76– 4.01) 2.34 (1.95– 2.81) 2.08 (1.74– 2.50) .2778

10– 19 1.54 
(1.29– 1.83)

2.58 (2.01– 3.15) 2.33 (1.95– 2.79) 2.07 (1.73– 2.48) .0465

20– 39 2.05 
(1.47– 2.86)

NA 4.32 (3.09– 6.05) 3.55 (2.54– 4.97) .1623

Note: The relative excess risk of interaction (RERI) between TBI and adverse perinatal outcomes was 0.44 (95% CI −0.10 to 0.99) for persons age 5 –  9 
at TBI, −0.25 (95% CI −0.75 to 0.25) for persons age 10 –  19 at TBI, and −0.57 (95% CI −2.58 –  1.01) for persons age 20 –  39 at TBI.
Abbreviations: CI, Confidence interval; HR, Hazard ratio; IR, Incidence rate per 1000 person years; TBI, Traumatic brain injury.
aModels were adjusted for calendar year and stratified by sex.
bModels were further adjusted for parental epilepsy, maternal education and marital status at focal persons' birth, maternal age at birth, maternal 
hypertension and pre- eclampsia during pregnancy, cerebral palsy, congenital malformations of the nervous system, and psychiatric co- morbidity.
cWald test for the interaction between age at TBI and any adverse perinatal outcome.
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population at risk of high- risk persons, leaving fewer persons predis-
posed to developing epilepsy over the remainder of the follow- up. 
Also, prophylactic antiseizure medication after TBI may lower the 
detection rate of epilepsy after TBI; if such treatment is more often 
administered to persons with unfavorable birth outcomes than to 
persons without, our results may underestimate the risk of epilepsy 

after TBI in persons with such outcomes. However, such prophylactic 
treatment with antiseizure medication after TBI is rare in Denmark.

We cannot exclude the possibility that our findings are con-
founded by unobserved factors or suffer from residual confound-
ing. We included a wide range of covariates to lessen this risk, 
but we do not believe that unmeasured or residual confounding 

TA B L E  5  Risk of epilepsy after traumatic brain injury (TBI) according to individual measures of adverse perinatal outcomes in a population 
of 1,715,095 singletons born in Denmark (1982- 2011)

Adverse perinatal outcomes
Any 
TBI IR (95% CI)

20- year cumulative 
incidence (95% CI)

Unadjusted HR 
(95% CI)a

Adjusted HR (95% 
CI)b p- valuec

Preterm birth

No No 0.69 
(0.68– 0.70)

1.21 (1.15– 1.26) Ref Ref – 

Yes 1.47 
(1.39– 1.55)

2.33 (2.18– 2.49) 2.61 (2.46– 2.76) 2.35 (2.22– 2.49) – 

Yes No 0.98 
(0.93– 1.05)

1.83 (1.52– 2.14) Ref Ref – 

Yes 1.63 
(1.28– 2.06)

2.74 (1.90– 3.57) 2.01 (1.57– 2.57) 1.75 (1.37– 2.24) 0.0224

Low birth weight

No No 0.69 
(0.68– 0.70)

1.20 (1.15– 1.26) Ref Ref – 

Yes 1.44 
(1.37– 1.53)

2.31 (2.15– 2.46) 2.57 (2.42– 2.73) 2.32 (2.19– 2.46) – 

Yes No 1.06 
(1.00– 1.13)

2.00 (1.63– 2.37) Ref Ref – 

Yes 2.14 
(1.72– 2.67)

3.36 (2.48– 4.24) 2.45 (1.96– 3.08) 2.16 (1.72– 2.72) 0.5554

Low Apgar score

No No 0.69 
(0.68– 0.71)

1.23 (1.17– 1.28) Ref Ref – 

Yes 1.47 
(1.39– 1.55)

2.35 (2.20– 2.50) 2.59 (2.44– 2.74) 2.33 (2.20– 2.47) – 

Yes No 1.50 
(1.32– 1.70)

2.43 (1.40– 3.46) Ref Ref – 

Yes 1.71 
(0.95– 3.09)

2.11 (0.86– 3.37) 1.38 (0.76– 2.53) 1.07 (0.59– 1.97) 0.0121

Born small for gestational age

No No 0.68 
(0.67– 0.69)

1.19 (1.14– 1.25) Ref Ref – 

Yes 1.43 
(1.35– 1.52)

2.29 (2.13– 2.45) 2.56 (2.41– 2.72) 2.32 (2.18– 2.46) – 

Yes No 0.84 
(0.80– 0.87)

1.53 (1.36– 1.71) Ref Ref – 

Yes 1.74 
(1.52– 2.00)

2.77 (2.35– 3.19) 2.56 (2.22– 2.96) 2.27 (1.97– 2.62) 0.8199

Note: The relative excess risk of interaction (RERI) was −0.45 (95% CI −0.99 to 0.09) for preterm birth and TBI, 0.14 (95% CI −0.52 to 0.79) for low 
birth weight and TBI, −1.22 (95% CI −2.28 to −0.15) for low Apgar score and TBI, and 0.16 (95% CI −0.27 to 0.59) for small for gestational age and 
TBI.
Abbreviations: CI, Confidence interval; HR, Hazard ratio; IR, Incidence rate per 1000 person years; TBI, Traumatic brain injury.
aModels were adjusted for calendar year and stratified by sex.
bModels were further adjusted for parental epilepsy, maternal education and marital status at focal persons' birth, maternal age at birth, maternal 
hypertension and pre- eclampsia during pregnancy, cerebral palsy, congenital malformations of the nervous system, and psychiatric co- morbidity.
cWald test for the interaction between TBI and individual adverse perinatal outcomes.
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is a major concern because of the similarity between the crude 
and adjusted risk estimates (see Tables 2- 5). However, the risk of 
epilepsy after a TBI is highly associated with TBI severity,1,2 and 
the association between TBI and epilepsy according to perinatal 
outcomes may differ for persons according to the severity of the 
trauma. While this was not apparent from our results when exam-
ined for the composite measure of adverse perinatal outcomes, 
we cannot exclude that this holds for the individual measures, and 
in particular for persons born preterm or with low Apgar score. 
However, we did not have sufficient observations to address 
this matter. Similarly, as in previous studies,2,6 TBIs sustained at 
younger ages were associated with a lower relative epilepsy risk, 
and our results might be confounded by a younger age at TBI in 
persons with perinatal adversities than without. We studied the 
risk of epilepsy taking into account the age at TBI, and there were 
only minor differences according to the composite measure of 
perinatal adversities. Thus, age at TBI do not seem to interact with 
perinatal adversities more generally, but we cannot rule out the 
possibility that it does for the individual measures. Also, the age 
groups may have been defined to broad leaving intra- interval vari-
ation in the age at TBI that result in residual confounding.

Some confounders were jointly proxied by more than one covari-
ate. For instance, we adjusted for socioeconomic status by maternal 
marital status and educational attainment, and for hypertensive dis-
orders by diagnosed hypertension as well as pre- eclampsia (where 
diagnostic criteria also include maternal hypertension). When two 
correlated covariates are adjusted for simultaneously, it may lead 
to less reliable results. However, marital status does not generalize 
across the full socioeconomic spectrum, and we believe that differ-
ent mechanistic pathways are involved in pre- eclampsia and other 
types of disorders including hypertension, for example, essential 
hypertension, and therefore estimates should be adjusted inde-
pendently for these covariates.

Brain development is at a critical stage in children and youth, and 
TBI may result in serious consequences. Further, low birth weight 
and gestational age are associated with perinatal brain injuries and 
adverse brain development including anatomical changes such as 
reduction in brain volume and altered brain function.31– 33 It is note-
worthy that, albeit insignificant, the risk of epilepsy after TBI was 
higher in children under age 10 if they had any adverse perinatal 
outcome, compared to not having any perinatal adversities. This 
contrasts the general tendency of a slightly lower relative risk and 
may indicate that the developing brain in children with preexisting 
brain anomalies is more vulnerable to succeeding neurologic insults.

We had limited clinical information, and TBI and epilepsy cat-
egorizations were based solely on diagnostic information from the 
Danish National Patient Registry. A positive predictive value of 81% 
has previously been demonstrated for the first epilepsy diagnosis 
and 89% for isolated seizures.34 However, the validity of an epilepsy 
diagnosis increases with the number of registrations, and a positive 
predictive value of 88% was found for two or more registrations 
of epilepsy.35 We have previously shown that having two or more 

epilepsy diagnoses only has limited impact on the association be-
tween TBI and epilepsy.6

The study included only TBIs treated in Danish hospitals. Persons 
with milder TBIs are often treated or seen in primary care settings, 
and so may be misclassified without TBI in our study. Thus, results 
may not be extrapolated to TBIs treated outside the hospitals.

Excluding persons with missing information on perinatal out-
comes were unlikely to bias our results. However, if birth regis-
trations were more likely to be missing for children with the most 
critical birth complications such as with very premature delivery and 
very low Apgar scores, the incidence rates of epilepsy may be under-
estimated for persons with adverse perinatal outcomes.

We followed persons from their 5th birthday, because inclusion 
of children who are likely to die at an early age may lead to a down-
ward selection bias between the association of TBI and epilepsy. 
Further, whereas epilepsy after TBI may occur in individuals at all 
ages, the most common single- gene epilepsies have a high incidence 
in young children with onset in the first years of life.36 Other seizure 
disorders that may be misclassified as epilepsy, for example, febrile 
seizures, have an onset before five years of age.37 The results of the 
present study are therefore not generalizable to children who sus-
tained a TBI under five years of age, but the risk of epilepsy after TBI 
is low in this group.

5  |  CONCLUSION

The results from this large population- based cohort study indicate 
that perinatal adversities and TBI both increased the risk of epi-
lepsy independently and that the relative risk of epilepsy after TBI 
was not modified by perinatal adversities. It is encouraging that 
persons who are already in a more disadvantaged position with re-
gard to developing epilepsy, do not also suffer a more detrimental 
impact of TBI.

ACKNOWLEDG MENTS
This study was supported by the Novo Nordisk Foundation 
(grant numbers: NNF16OC0 019126 and NNF17OC0029860), 
the Central Denmark Region, the Danish Epilepsy Association, 
and the Independent Research Fund Denmark (grant number: 
9039- 00296B). The funders had no role in the study design, data 
collection or analysis, nor in the decision to publish or in the prepara-
tion of the manuscript.

CONFLIC T OF INTERE S T
Jakob Christensen received honoraria from serving on the scientific 
advisory board of UCB Nordic and Eisai AB, received honoraria from 
giving lectures from UCB Nordic and Eisai AB, and received funding 
for a trip from UCB Nordic. The remaining authors have no conflicts 
of interest. We confirm that we have read the Journal’s position on 
issues involved in ethical publication and affirm that this report is 
consistent with those guidelines.



728  |    LOLK et aL.

E THIC S S TATEMENT
This study is based on anonymized data, which by Danish law does 
not require ethical review board approval. The study was approved 
by the Danish Data Protection Agency.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/ane.13605.

DATA AVAIL ABILIT Y S TATEMENT
Information was retrieved solely from Danish national registers 
and did not require consent from participants. Individual level data 
may not be shared, but summary statistics, additional results, and 
Supplementary material may be provided on request.

ORCID
Kasper Lolk  https://orcid.org/0000-0003-2639-7969 

R E FE R E N C E S
 1. Annegers JF, Hauser WA, Coan SP, Rocca WA. A population- 

based study of seizures after traumatic brain injuries. N Engl J Med. 
1998;338(1):20– 24.

 2. Christensen J, Pedersen MG, Pedersen CB, Sidenius P, Olsen J, 
Vestergaard M. Long- term risk of epilepsy after traumatic brain in-
jury in children and young adults: a population- based cohort study. 
Lancet. 2009;373(9669):1105– 1110.

 3. Lowenstein DH. Epilepsy after head injury: an overview. Epilepsia. 
2009;50(suppl 2):4– 9.

 4. Tubi MA, Lutkenhoff E, Blanco MB, et al. Early seizures and tem-
poral lobe trauma predict post- traumatic epilepsy: a longitudinal 
study. Neurobiol Dis. 2019;123:115– 121.

 5. Salazar AM, Jabbari B, Vance SC, Grafman J, Amin D, Dillon 
JD. Epilepsy after penetrating head injury. I. Clinical cor-
relates: a report of the Vietnam Head Injury Study. Neurology. 
1985;35(10):1406– 1414.

 6. Lolk K, Dreier JW, Christensen J. Repeated traumatic brain in-
jury and risk of epilepsy: a Danish nationwide cohort study. Brain. 
2021;144(3):875– 884.

 7. Matsushita Y, Sakai Y, Torio M, et al. Association of perinatal factors 
of epilepsy in very low birth weight infants, using a nationwide da-
tabase in Japan. J Perinatol. 2019;39(11):1472– 1479.

 8. Koç Ö, Kavuncuoğlu S, Ramoğlu MG, Aldemir E, Aktalay A, Eras 
Z. School performance and neurodevelopment of very low birth 
weight preterm infants: first report from Turkey. J Child Neurol. 
2015;31(2):170– 176.

 9. Sun Y, Vestergaard M, Pedersen CB, Christensen J, Basso O, Olsen 
J. Gestational age, birth weight, intrauterine growth, and the risk of 
epilepsy. Am J Epidemiol. 2008;167(3):262– 270.

 10. Crump C, Sundquist K, Winkleby MA, Sundquist J. Preterm birth and 
risk of epilepsy in Swedish adults. Neurology. 2011;77(14):1376– 1382.

 11. Sun Y, Vestergaard M, Pedersen CB, Christensen J, Olsen J. 
Apgar scores and long- term risk of epilepsy. Epidemiology. 
2006;17(3):296– 301.

 12. Douglass LM, Heeren TC, Stafstrom CE, et al. Cumulative incidence 
of seizures and epilepsy in ten- year- old children born before 28 
weeks' gestation. Pediatr Neurol. 2017;73:13– 19.

 13. Hirvonen M, Ojala R, Korhonen P, et al. The incidence and risk 
factors of epilepsy in children born preterm: a nationwide register 
study. Epilepsy Res. 2017;138:32– 38.

 14. Kohelet D, Shochat R, Lusky A, Reichman B. Risk factors for sei-
zures in very low birthweight infants with periventricular leukoma-
lacia. J Child Neurol. 2006;21(11):965– 970.

 15. Moster D, Lie RT, Markestad T. Long- term medical and social con-
sequences of preterm birth. N Engl J Med. 2008;359(3):262– 273.

 16. Schmidt AT, Li X, Zhang- Rutledge K, Hanten GR, Levin HS. A history 
of low birth weight alters recovery following a future head injury: a 
case series. Child Neuropsychol. 2014;20(5):495– 508.

 17. Biederman J, Feinberg L, Chan J, et al. Mild traumatic brain injury 
and attention- deficit hyperactivity disorder in young student ath-
letes. J Nerv Ment Dis. 2015;203(11):813– 819.

 18. Pedersen CB, Gotzsche H, Moller JO, Mortensen PB. The Danish 
civil registration system. A cohort of eight million persons. Dan Med 
Bull. 2006;53(4):441– 449.

 19. Schmidt M, Pedersen L, Sorensen HT. The Danish civil reg-
istration system as a tool in epidemiology. Eur J Epidemiol. 
2014;29(8):541– 549.

 20. Tentoni S, Astolfi P, De Pasquale A, Zonta LA. Birthweight by gesta-
tional age in preterm babies according to a Gaussian mixture model. 
BJOG. 2004;111(1):31– 37.

 21. Bliddal M, Broe A, Pottegård A, Olsen J, Langhoff- Roos J. The 
Danish medical birth register. Eur J Epidemiol. 2018;33(1):27– 36.

 22. Sun Y, Hsu P, Vestergaard M, Christensen J, Li J, Olsen J. Gestational 
age, birth weight, and risk for injuries in childhood. Epidemiology. 
2010;21(5):650– 657.

 23. Schmidt M, Schmidt SA, Sandegaard JL, Ehrenstein V, Pedersen 
L, Sorensen HT. The Danish national patient registry: a review 
of content, data quality, and research potential. Clin Epidemiol. 
2015;7:449– 490.

 24. Hunt R, Boychuk J, Smith B. Neural circuit mechanisms of post– 
traumatic epilepsy. Front Cell Neurosci. 2013;7:89.

 25. Therneau TM & Lumley T. survival: survival analysis. R package ver-
sion 2.44- 1.1. 2019.

 26. Knol MJ, VanderWeele TJ. Recommendations for presenting 
analyses of effect modification and interaction. Int J Epidemiol. 
2012;41(2):514– 520.

 27. Hosmer DW, Lemeshow S. Confidence interval estimation of inter-
action. Epidemiology. 1992;3(5):452– 456.

 28. Ohneberg K, Beyersmann J, Schumacher M. Exposure density sam-
pling: dynamic matching with respect to a time- dependent expo-
sure. Stat Med. 2019;38(22):4390– 4403.

 29. Liu L, Oza S, Hogan D, et al. Global, regional, and national causes 
of under- 5 mortality in 2000– 15: an updated systematic analysis 
with implications for the sustainable development goals. Lancet. 
2016;388(10063):3027– 3035.

 30. Jang MJ, Song YH, Yoon JM, Cheon EJ, Ko KO, Lim JW. 
Mortality rate and major causes of death by gestational age in 
Korean children under 5 years of age. J Korean Med Sci. 2020; 
35(40):e340.

 31. Walhovd KB, Fjell AM, Brown TT, et al. Long- term influence of nor-
mal variation in neonatal characteristics on human brain develop-
ment. Proc Natl Acad Sci USA. 2012;109:20089.

 32. Olsen A, Dennis EL, Evensen KAI, et al. Preterm birth leads to 
hyper- reactive cognitive control processing and poor white matter 
organization in adulthood. NeuroImage. 2018;167:419– 428.

 33. Flensborg- Madsen T, Mortensen EL. Birth weight and in-
telligence in young adulthood and midlife. Pediatrics. 
2017;139(6):e20163161.

 34. Christensen J, Vestergaard M, Olsen J, Sidenius P. Validation of ep-
ilepsy diagnoses in the Danish national hospital register. Epilepsy 
Res. 2007;75(2– 3):162– 170.

 35. Holden EW, Grossman E, Nguyen HT, et al. Developing a computer 
algorithm to identify epilepsy cases in managed care organizations. 
Dis Manag. 2005;8(1):1– 14.

https://publons.com/publon/10.1111/ane.13605
https://publons.com/publon/10.1111/ane.13605
https://orcid.org/0000-0003-2639-7969
https://orcid.org/0000-0003-2639-7969


    |  729LOLK et aL.

 36. Symonds JD, Zuberi SM, Stewart K, et al. Incidence and phenotypes 
of childhood- onset genetic epilepsies: a prospective population- 
based national cohort. Brain. 2019;142(8):2303– 2318.

 37. Christensen KJ, Dreier JW, Skotte L, et al. Birth characteristics and 
risk of febrile seizures. Acta Neurol Scand. 2021;144(1):51– 57.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Lolk K, Dreier JW, Sun Y, Christensen 
J. Perinatal adversities and risk of epilepsy after traumatic 
brain injury: A Danish nationwide cohort study. Acta Neurol 
Scand. 2022;145:721– 729. doi:10.1111/ane.13605

https://doi.org/10.1111/ane.13605

	Perinatal adversities and risk of epilepsy after traumatic brain injury: A Danish nationwide cohort study
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design and participants
	2.2|Birth weight, gestational age, and Apgar score
	2.3|Traumatic brain injury
	2.4|Epilepsy
	2.5|Statistical methods
	2.6|Sensitivity analyses

	3|RESULTS
	3.1|Main results
	3.2|Sensitivity analyses

	4|DISCUSSION
	5|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ETHICS STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


