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Abstract
Background  The case-cohort design is useful for obtaining population-representative 
inference with smaller samples, but the performance when dealing with secondary 
outcomes and extended follow-up remains unclear. We compare the case-cohort 
design with the full-cohort design across various outcomes, including additional case-
groups and extended follow-up, illustrated using the iPSYCH study.

Methods  From Danish nationwide registers, we identified the full-population cohort 
of all individuals born 1981–2008 (n = 1,657,449) and their clinical diagnoses until 
2021. The iPSYCH case-cohort sample (n = 141,265) includes specific case-groups 
with specific psychiatric disorders diagnosed 1994–2015 (n = 93,608) and a random-
population subcohort (n = 50,615). We applied inverse probability weights to estimate 
person-years at risk, age-specific incidence rates, absolute risks, and incidence rate 
ratios in various scenarios for primary outcomes (affective disorder, bipolar disorder, 
schizophrenia, autism, and attention-deficit hyperactivity disorder) and secondary 
outcomes (epilepsy, anxiety, migraine, asthma, diabetes, injury, traumatic brain injury, 
substance use disorder, and death).

Results  Weighted estimates based on the iPSYCH sample aligned with those in the 
full cohort for both primary and secondary outcomes. For example, weighted absolute 
risks by age 40 were analogous to full-cohort estimates for both affective disorder 
(7.9% [7.5–8.3] versus 8.0% [7.9–8.1]) and epilepsy (2.3% [2.1–2.5] versus 2.3% [2.2–2.3]). 
Similarly, weighted incidence rates and incidence rate ratios mimicked full-cohort 
estimates.

Conclusion  The extended case-cohort design yields valid estimates of age-specific 
incidence rates, absolute risks, person-years at risk, and incidence rate ratios for primary 
and secondary outcomes, even with multiple case-groups and extended follow-up.

Keywords  Case-cohort design, Inverse probability weighting, Secondary outcomes, 
Extended follow-up, Register-based research
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1  Introduction
A case-cohort study includes all primary outcome cases and a randomly selected subco-
hort from the target population. The case-cohort design enables unbiased inferences of 
disease occurrence, when population size or follow-up length make full cohort inference 
infeasible [1]. The strengths of the randomly selected subcohort have been highlighted 
in a recent review [2], which also describes methods to upweight individuals in the case-
cohort sample to reflect the full cohort and obtain population-representative inference. 
However, secondary outcomes (outcomes not initially selected as cases) may also be 
analysed in the case-cohort design. Different inverse probability weights have been sug-
gested for secondary outcomes in the case-cohort design [2–4], but methods are less 
established as for case–control studies [5–7]. Still, it remains unclear whether extend-
ing complex case-cohort designs to investigate secondary outcomes or prolonging the 
follow-up period provides valid estimates with inverse probability weighting. There-
fore, improving the understanding of the case-cohort design for extended applications 
is essential to guide and improve future epidemiological studies relying on case-cohort 
designs.

One of the world's largest case-cohort samples is the Lundbeck Foundation Initia-
tive for Integrative Psychiatric Research (iPSYCH) initiated in 2012, encompassing five 
psychiatric case-groups and a population-based subcohort. The iPSYCH study, that is 
nested within Danish nationwide registers and in 2015 extended in a second phase to 
include 141,265 individuals, offers an ideal setting to address these issues [8, 9]. Several 
outcomes have been studied in the iPSYCH case-cohort sample, including primary out-
comes, i.e. disorders in the psychiatric case-groups [10–14], and secondary outcomes 
such as other psychiatric or non-psychiatric disorders [13], treatment-related outcomes 
[15, 16], school grades [17], suicidal behaviour [18], and socioeconomic trajectories [19]. 
However, numerous other outcomes and exposures can be linked via Danish nationwide 
registers [20].

We compared up-weighted numbers of persons, person-years at risk, age-specific 
incidence rates, absolute risks, and incidence rate ratios to full-cohort estimates for 
various extended applications: 1) including all iPSYCH cases vs. outcome of interest or 
subcohort only; 2) secondary outcomes vs. primary outcomes; and 3) extending follow-
up from beyond the original case identification period in 2015 to the end of 2021. To 
achieve these aims, we applied inverse probability weights based on the two-phase case-
cohort sampling procedure, using iPSYCH as an example.

2  Methods
2.1  Data sources

The present study used information from continuously updated nationwide registers: the 
Danish Civil Registration System [21], the Danish Central Psychiatric Research Register 
[22], and the Danish National Patient Register [23]. Data were linked through the unique 
personal identification number assigned to all individuals residing in Denmark [21].

2.2  Study samples

The iPSYCH sample was formed by the union of two case-cohort samples selected 
from the general population. The first case-cohort sample (previously termed the 
iPSYCH2012 case-cohort sample) was selected in 2012 from a source population of 
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singletons born in Denmark May 1, 1981 to December 31, 2008, with known mothers, 
and who were alive and residing in Denmark at their first birthday. This case-cohort 
sample included a 2.037% randomly selected subcohort and cases diagnosed by the end 
of 2012 with one or more of the following disorders: affective disorder (including bipo-
lar disorder), schizophrenia, autism spectrum disorder (autism), and attention-deficit/
hyperactivity disorder [8]. The second case-cohort sample was selected in 2015 from 
an augmented source population—the full cohort—born until December 31, 2008. This 
case-cohort sample included a 1.267% randomly selected subcohort and all cases by the 
end of 2015 from extended case-groups: affective disorder, schizophrenia spectrum dis-
order, autism, attention-deficit/hyperactivity disorder, and postpartum psychiatric disor-
der. The augmented iPSYCH sample included the combined subcohort and all cases, and 
has previously been referred to as the iPSYCH2015 case-cohort sample [9]. We refer to 
the combined sample in short as the iPSYCH sample.

The four main samples used in this study are: 1) the full cohort; 2) the subcohort only; 
3) the subcohort and outcome; and 4) the subcohort and all case-groups simultaneously 
(Fig. 1).

2.3  Inclusion probabilities and weights

Inclusion probabilities and weights are presented in Table 1. The inclusion probability 
(0.03278) for subcohort members born 1981–2005 was calculated based on the initial 
selection probabilities for the two iPSYCH subcohorts (2.037% and 1.267%), both cover-
ing the same birth years, whereas the inclusion probability (1.267%) for subcohort mem-
bers born 2006–2008 equals the initial selection probability of the second phase sample, 
sampled from the full cohort including birth years 2006–2008. Furthermore, we present 
an overall average inclusion probability of 3.054% for the subcohort, inspired by a recent 
study [24].

Inverse probability of sampling weights assigned at start of follow-up were inspired 
by Kalbfleisch and Lawless [25]: a case was assigned a weight of one and non-case sub-
cohort members were assigned a weight equal to the inverse inclusion probability, i.e. 
30.51 = 1/0.03278 for non-cases born 1981–2005, and 78.93 = 1/0.01267 for non-cases 
born 2006–2008. The overall weight based on the average inclusion probability (average 
weight), is 1/0.03054 = 32.74. A detailed derivation of the inclusion probabilities and 
weights is given in supplementary notes 1–2.

2.4  Primary and secondary outcomes

Primary outcomes refer to disorders within the case-groups that were fully selected into 
the case-cohort design by 2015. The primary outcomes of interest were: affective disor-
der (main example), schizophrenia, schizophrenia spectrum disorder, bipolar disorder, 
autism spectrum disorder (autism), and attention-deficit hyperactivity disorder. The sec-
ondary outcomes of interest were: epilepsy (main example), anxiety, migraine, asthma, 
type 1 diabetes, injury, traumatic brain injury, substance use disorder, and death. Diag-
noses in the full cohort and nested in the entire iPSYCH sample were identified from the 
hospital registers until December 31, 2015. Updated diagnoses beyond 2015 were iden-
tified in the existing iPSYCH sample from registers updated until December 31, 2021. 
Diagnostic codes and age cutoffs are provided in Supplementary Table 1.
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2.5  Follow-up time

Individuals were followed from age one until first emigration from Denmark, death or 
last follow-up—whichever came first. Last follow-up was considered at two points in 
calendar time; 1) December 31, 2015 (iPSYCH selection date); or 2) December 31, 2021 
(most recent available information), allowing identification of new cases beyond 2015. 
The various lengths of follow-ups are illustrated in the Lexis diagram in Supplementary 
Fig. 1.

2.6  Exposures

To evaluate the population-representativeness of the iPSYCH sample when estimating 
disease association measures, we included autism as a candidate time-dependent expo-
sure (based on one of the primary outcomes) to estimate incidence rate ratios of affec-
tive disorder (primary outcome) and epilepsy (secondary outcome), respectively.

Fig. 1  Venn diagrams visualizing the four study samples. a The full cohort (black) refers to the full population of 
singletons born in Denmark May 1, 1981 to December 31, 2008, with known mothers, and who were alive and 
residing in Denmark at their first birthday; b The subcohort (red) refers to the combined subcohort included in the 
iPSYCH sample; c The subcohort and outcome; the primary outcome of interest (here including affective disorder, 
green), or the secondary outcome of interest (here epilepsy) nested in the iPSYCH2015 sample; d The entire iPSYCH 
sample including the subcohort and all cases, where all cases refer to individuals belonging to at least one of five 
psychiatric case groups. All sets are nested within the full cohort at time of the sampling. The combined subco-
hort and all cases constitutes 3.1% and 5.6% (blue circles), respectively, of the full cohort (black square) totalling 
1,657,449 individuals, with an overlap of 2958 cases included in the subcohort
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Table 1  Counts, inclusion probabilities, and weights, and upweighted counts for subcohorts and 
case-cohort samples
Cohort Criteria N Inclusion probabilitya Weightb Upweight-

ed N
Full cohort Born in DK 1981–2008, 

known mother, residing 
in DK at age 1

N2 = 1,657,449

Subcohort
First phase 
selection

Random sample of 
iPSYCH2012 source 
populationa,
born 1981–2005

n1 = 30,000 n1
N1

= 0.02037 49.09 1,472,762

Second 
phase 
selection

Random sample of 
extended source popu-
lation (full cohort), born 
1981–2008

n2 = 21,000 n2
N2

= 0.01267 78.93 1,657,449

Born 
1981–2005

In combined subcohort, 
born 1981–2005

48,227 1 −
(

1 −
n1

N1

) (
1 −

n2

N2

)

= 0.03278

30.51 1,471,148.3

Born 
2006–2008

In combined subcohort, 
born 2006–2008

2388 n2
N2

= 0.01267 78.93 188,475.6

All All in combined 
subcohortc

n1 + n2
-385=50,615

(
1 −

(
1 −

n1

N1

) (
1 −

n2

N2

))

N1

N2
+

n2

N2

N2 − N1

N2
= 0.03054

32.74 1,657,288.6d

Subcohort and outcome
Subcohort 
and
primary 
outcome

Subcohort and diagno-
sis of affective disorder 
(n = 40,482) by 2015

89,800 As abovea As 
aboveb

1,660,541.4

Subcohort 
and second-
ary outcome

Subcohort and 
individuals with 
epilepsy (n = 4,463) by 
end of 2015 nested 
within iPSYCH cases and 
subcohort

54,258 As abovea As 
aboveb

1,659,629.5

Entire iPSYCH sample
All cases Included in the full 

cohort and in at least 
one of the case-groupse 
by end of 2015

93,608 1 1 93,608

Non-cases in 
subcohort

Subcohort members not 
included in any of the 
case-groups

47,657 As abovea As abovea 1,567,066.9

Subcohort 
and all cases

All case groups and 
subcohort

141,265 As abovea As 
aboveb

1,660,674.9

aIndividual inclusion probabilities depending on case status and birth cohorts; Cases all have an inclusion probability of 
1; non-cases have a birth cohort specific inclusion probability (or the weighted average inclusion probability). Here, the 
inclusion probability for non-cases in birth cohort 1981–2005 depends on the probability of being selected in any of the 
two phases, subtracting the probability of being selected in both phases; the inclusion probability for non-cases in birth 
cohort 2006–2008 equals the second phase selection probability. N1 = 1,472,762 refers to the source population of the first 
phase selection (iPSYCH2012) nested within the full cohort, born May 1, 1981 to December 31, 2005
bIndividual weights are calculated as the inverse of the birth cohort specific inclusion probabilities, if not otherwise 
specified. All cases are all assigned a weight of 1, regardless of birth year and whether they are also included in the 
subcohort. Note that, individuals with a secondary outcome are only considered a case if they belong to the iPSYCH 
case-groups
cA number of 385 were included by random in both first and second phase selection
dThe upweighted N of the subcohort is here shown for the average weight, i.e. based on the average inclusion probability. 
The upweighted N based on the average weight and the entire iPSYCH sample was 1,654,042.7 (in comparison to 1660 
674.9 using birth-cohort-specific weights, last row of table)
eAffective disorder, autism spectrum disorder, attention-deficit hyperactivity disorder, schizophrenia spectrum disorder, 
or postpartum psychiatric disorder
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2.7  Statistical analyses

First, we compared overall counts, person-years at risk, and incidence rates from the 
weighted iPSYCH samples to those from the full cohort. Second, Generalised additive 
modelling (GAM) with Poisson regression [27] was used to estimate incidence rates for 
primary outcomes and secondary outcomes, using age as the time scale [26]. The max-
imum numbers of parameters (k) used for the modelling set to 7. Third, we used the 
Kaplan–Meier estimator to obtain absolute risks by age 18, 25, 30, and 40 (the maximum 
age achievable by the end of follow-upon December 31, 2021) and plotted smoothed 
absolute risks using GAM-models with the maximum numbers of parameters set to 10. 
Last, we estimated incidence rate ratios using a Cox regression model with a primary 
outcome as a time-varying exposure to assess associations with another primary out-
come and secondary outcome, respectively. Estimates were accompanied by 95% con-
fidence, based on robust variance estimation for the weighted case-cohort samples. 
Inverse probability of sampling weights were implemented in all models for the case-
cohort samples, and estimates were compared to full-cohort estimates.

All epidemiological measures were estimated across different scenarios to assess the 
impact of study population (Fig. 1a–d), outcome (primary outcome or secondary out-
come) and length of follow-up (2015 versus 2021). Analyses based on the iPSYCH sam-
ple used a robust variance sandwich estimator [3] (Supplementary note 3).

All statistical analyses were performed in R version 4.3.2. Figure 1 was created using 
the free online diagram software draw.io, and remaining figures were created using 
ggplot in R version 4.3.2. Programming codes are publicly available for downloading 
through ​h​t​t​p​s​:​​/​/​g​i​t​​h​u​b​.​c​o​​m​/​m​t​​w​b​2​4​/​​i​P​S​Y​C​​H​-​d​e​s​i​​g​n​-​p​​r​o​j​e​c​t.

2.8  Supplementary analyses

First, we estimated age-specific incidence rates and absolute risks for other disorders 
than affective disorder and epilepsy, i.e. all primary and secondary outcomes of inter-
est. Second, we evaluated the population-representativeness of the weighted incidence 
rate ratios for other exposures, using traumatic brain injury (secondary outcome) as 
an example of a time-varying exposure and sex as a time-invariant exposure. Third, 
we repeated main analyses for absolute risks and incidence rate ratios with the average 
weight assigned to all non-case subcohort members. Last, we presented unweighted 
absolute risks and incidence rate ratios to demonstrate the importance of using inverse 
probability weights.

3  Results
3.1  Study populations and follow-up time

The full cohort included 1,657,449 individuals followed from age 1 until death, emigra-
tion, or end of 2015 (or end of 2021). Numbers of primary and secondary outcomes in 
the different iPSYCH samples are shown in Table 1 and Supplementary Table 1. In the 
entire iPSYCH sample (n = 141,265) with follow-up extended to end of 2021, we identi-
fied 43,519 cases with affective disorder and 5,039 individuals with epilepsy. The person-
years of follow-up, weighted by individual weights in the iPSYCH samples, were nearly 
identical to the corresponding person-years observed in the full cohort across all sce-
narios (Table 1 and Supplementary Table 2).

https://github.com/mtwb24/iPSYCH-design-project
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Incidence rates from the weighted Poisson regression model as a function of age were 
virtually identical to corresponding estimates in the subcohort and full cohort (Fig. 2). 
Furthermore, the smoothed curves were also nearly inseparable. Overall, incidence rates 
for the entire iPSYCH sample were almost identical with full cohort estimates for both 
primary and secondary outcomes (affective disorder 1.68 per 1000 person-years vs. 1.67 
in full cohort; epilepsy, 0.75 vs. 0.72 in full cohort). Incidence rates for all samples and 
follow-up are shown in Supplementary Table 2. Similarly, the weighted absolute risk 
curves were almost identical to the analogous full cohort and subcohort curves in all 
scenarios (Fig. 3). At age 40 years, the risk of affective disorder was estimated to 7.9% 
(95% CI 7.5–8.3) (vs. full cohort: 8.0% [7.9–8.1]) and risk of epilepsy was estimated to 
2.3% (2.1–2.5) (vs. full cohort (2.3% [2.2–2.3]). Absolute risks at ages 18, 25, 30 and 40 
for all scenarios can be found in Supplementary Table 3.

Incidence rate ratios estimated in weighted Cox regression models for the association 
between autism (primary outcome used as a time-dependent exposure) and affective 

Fig. 3  Absolute risk as a function of age and by follow-up period for affective disorder (primary outcome) and 
epilepsy (secondary outcome) in the full cohort, iPSYCH subcohort and weighted case-cohort samples. Curves are 
accompanied by 95% confidence bands, based on robust variance estimation for the case-cohort samples. Curves 
were smoothed using GAM-models with the maximum numbers of parameters set to 10. Follow-up to 2015 (left 
panel) and 2021 (right panel)

 

Fig. 2  Incidence rates by age and follow-up period for affective disorder (primary outcome) and epilepsy (second-
ary outcome) in the full cohort, iPSYCH subcohort and weighted case-cohort samples. Incidence rates were fitted 
from a poisson generalised additive model with the maximum numbers of parameters (k) used for the modelling 
set to 7. Follow-up to 2015 (left panel) and 2021 (right panel)
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disorder and epilepsy were similar in size to the full cohort and subcohort (Fig. 4). For 
affective disorder with follow-up until the end of 2021, the incidence rate ratio in the 
entire iPSYCH sample was 3.02 (95% CI 2.68–3.40) (vs. full cohort: 3.08 (2.96–3.21), 
and for epilepsy the incidence rate ratio was 3.37 (2.96–3.84) (vs. full cohort: 3.62 (3.36–
3.88)). In the iPSYCH samples, standard errors were expectedly largest for the small-
est sample, i.e. the subcohort (e.g. the standard error for epilepsy by 2015 was 0.240) 
and analogous robust standard errors were smallest for the sample (except full cohort) 
including the subcohort plus all cases (standard error = 0.059). By extending follow-up 
to the end of 2021, standard errors expectedly slightly decreased for the subcohort (from 
0.240 to 0.217), but slightly increased in the weighted samples (from 0.059 to 0.067).

3.2  Supplementary analyses

Repeating the main analyses for other disorders showed that weighted incidence rates 
and absolute risks matched those of the full cohort for all primary and secondary out-
comes (Supplementary Figs. 2–5). Minor deviations from the full cohort were observed 
in incidence rates for some childhood disorders (autism and attention-deficit hyper-
activity disorder) when restricted to the subcohort only or at the extremes of the age 
spectrum. Incidence rate ratios were comparable across samples for both traumatic 
brain injury as time-varying exposure and sex as time-fixed exposure, and for all other 
primary and secondary outcomes (Supplementary Fig. 6–9). The robust standard errors 
increased after extending follow-up when a primary outcome was studied as the out-
come, whereas they decreased when a secondary outcome was studied as the outcome. 
When average weights were used, all absolute risks and incidence rate ratios closely 
resembled the analogous measures based on the entire cohort. (Supplementary Figs. 
10–11). When the weights were ignored, the absolute risk at age 30 years was between 2 
and 12 times larger than the analogous risk based on the full cohort (Supplementary Fig. 
12). Similarly, incidence rate ratios were blatantly biased in unweighted analyses due to 
the underrepresented unexposed person-time at risk (Supplementary Fig. 13).

Fig. 4  Incidence rate ratios of affective disorder and epilepsy according to a history of autism in the full cohort, 
iPSYCH subcohort and case-cohort samples. Hazard ratios with 95% CIs were estimated from a crude Cox regres-
sion model with autism spectrum disorder (primary outcome) as a time-dependent exposure and affective disor-
der and epilepsy as outcomes. Robust standard errors were used in the weighted models. Follow-up to 2015 (left 
panel) and 2021 (right panel). Abbreviations: CI: Confidence interval, HR: Hazard ratio, SE: standard error
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4  Discussion
We used nationwide registry data to show that inverse probability weights produce valid 
and population-representative inference in a complex case-cohort sample like iPSYCH. 
Our study demonstrated that the inverse probability weights performed impeccably in 
all scenarios and extensions of the case-cohort design by effectively upweighting individ-
uals and person-years to match those of the full cohort. Thus, all epidemiological mea-
sures of disease occurrence based on inverse probability weights closely resembled those 
from the full cohort across all scenarios, including sample ascertainment, exposures, fol-
low-up duration, and primary and secondary outcomes. Unsurprisingly, absolute risks 
based on unweighted data were hugely overestimated, particularly for primary but also 
for secondary outcomes. Similarly, unweighted incidence rate ratios were profoundly 
biased, underscoring the necessity of using weights to obtain population-representative 
inference based on case-cohort samples.

Our approach extends the inverse-probability weights method to accommodate 
extended follow-up and complex sampling. Additionally, we introduce a novel method 
to generate population denominators for person-years at risk and population size based 
on highly ascertained case-cohort samples. Despite the relatively smaller size of the 
second birth cohort (2006–2008) and large weights, where a subcohort member repre-
sents nearly 80 individuals in the full cohort, our proposed weights performed flawlessly 
across all epidemiological measures, even for rare outcomes such as epilepsy. Our analy-
ses demonstrate that inference should include all primary case-groups and the subco-
hort, even when focusing on a single primary outcome. Most previous iPSYCH studies 
have excluded other case-groups, resulting in inefficient data use—a point well-estab-
lished in the statistical literature [28].

Inference for secondary outcomes, including age-specific incidences, absolute risks, 
and incidence rate ratios, was comparable between weighted samples and the full cohort. 
Thus, our findings indicate that secondary outcomes can be effectively studied using the 
sampled, as has also been demonstrated in previous simulation studies [29]. In our study, 
we found comparable results for all epidemiological measures for both epilepsy and all 
other secondary outcomes, including very rare outcomes such as death in the iPSYCH 
cohort, though incidence rates were closer to subcohort estimates than full cohort esti-
mates. Robust variance estimation yielded the highest precision for primary outcomes, 
which is unsurprising given that the number of cases in the case-cohort sample equals 
that in the full cohort.

When extending the follow-up, weighted case-cohort analyses closely reflected full 
cohort estimates for both primary and secondary outcomes. Intriguingly, extended 
follow-up led to a precision loss of the weighted incidence rate ratios for the primary 
outcomes. This may be explained by primary outcomes being fully sampled by 2015 
compared to secondary outcomes being identified in the selected sample. With the pop-
ulation-based subcohort already selected, there is a great potential for further extensions 
with additional primary or secondary outcomes.

4.1  Strengths and limitations

A key strength of this study is the ability to link nationwide registers, allowing compari-
son between case-cohort estimates from the iPSYCH design and full cohort estimates, 
and continuously updated information for extended follow-up. The iPSYCH sample is 
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a unique genetic data source and includes over 90,000 cases with specific and fully sam-
pled psychiatric disorders, and a population-representative subcohort; thus eliminating 
any selection bias [30]. In contrast, the UK biobank is subject to participation bias with 
more selected with much lower age-adjusted prevalence of health outcomes and lower 
mortality rates compared to the general UK population [31]. The iPSYCH case-cohort 
study enables genetic epidemiologic research in relation to various register-based long-
term secondary outcomes, as demonstrated in this study.

Our study had several limitations. First, our analyses relied on proposed time-inde-
pendent weights without comparison to other types of weighting schemes. Our time-
independent inverse probability weights were derived in the spirit of Kalbfleisch and 
Lawless [25]. A weight of 1 was assigned to all cases, and a weight equivalent to the sam-
pling fraction was assigned to non-cases (see supplementary notes 1–2). Our approach 
aligns with previous suggestions [32], also for the stratified case-cohort design [33], 
and for the study of secondary outcomes with suggested augmentations to the inverse 
probability of sampling weighted estimator [29]. Kalbfleisch and Lawless weights have 
previously been compared to time-dependent weighting schemes (Borgan II weights 
[34], Barlow [32], and Prentice [1]). Simulation studies found minuscule differences in 
bias and precision when comparing weighted and unweighted full-cohort Cox regres-
sion models [3, 35]. Furthermore, our analyses with time-independent weights closely 
matched those from the full cohort in various scenarios, indicating minimal benefit from 
time-dependent weights at the cost of increased analytical complexity. Second, the abso-
lute risk curves are slightly overestimated as we did not account for competing risks due 
to death [36]. However, very few individuals died before age 40 which is the maximum 
age in our study. Additionally, no statistical method currently exists for deriving a robust 
variance estimator for case-cohort studies with competing risks. Third, not all our sce-
narios were relevant for all birth cohorts, e.g. later birth cohorts (born 2006–2008) will 
not be at risk of later-onset disorders such as affective disorder; thus the relevant birth 
cohort should be considered when implementing the birth cohort or average weights, 
as reflected in our sensitivity analysis using average weights based on all birth cohort 
years. Nevertheless, in this study we mimicked the iPSYCH design, thereby maintaining 
consistency across samples and outcomes. Furthermore, the robustness of results across 
outcomes of different prevalence, age of onset, and diagnostic validity suggests that our 
results may likely generalize to other secondary outcomes.

Finally, our weights may not be optimal if additional restrictions are applied after the 
initial case-cohort selection. For example, genetic case-cohort data such as iPSYCH are 
often restricted due to genotyping errors [37, 38] and confounding from population 
stratification. The latter restriction may, however, be less common in the future owing to 
the growing aspiration to avoid ancestry-based restrictions [39–41].

5  Conclusion
Our study provides a proof-of-concept that inverse probability weighting performs well 
across various extensions of the iPSYCH case-cohort design, including secondary phe-
notypes. Weighted estimates of disease occurrence and association matched those of 
the full cohort, even for secondary outcomes, samples with multiple case-groups, and 
extended follow-up. In contrast, unweighted estimates were severely biased. Our study 
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demonstrates that inverse probability weighting is a viable method for generalizing epi-
demiological findings from extended case-cohort studies.
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