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Objective: Identifying high-risk groups with an increased genetic liability for bipolar disorder (BD) will provide insights into the etiology of BD and contribute to early detection of BD. We used the BD polygenic risk score (PRS) derived from BD genome-wide association studies (GWAS) to explore how such genetic risk manifests in young, high-risk adults. We postulated that BD-PRS would be associated with risk factors for BD.

Methods: A final sample of 185 young, high-risk German adults (aged 18–35 years) were grouped into three risk groups and compared to a healthy control group (n = 1,100). The risk groups comprised 117 cases with attention deficit hyperactivity disorder (ADHD), 45 with major depressive disorder (MDD), and 23 help-seeking adults with early recognition symptoms [ER: positive family history for BD, (sub)threshold affective symptomatology and/or mood swings, sleeping disorder]. BD-PRS was computed for each participant. Logistic regression models (controlling for sex, age, and the first five ancestry principal components) were used to assess associations of BD-PRS and the high-risk phenotypes.

Results: We observed an association between BD-PRS and combined risk group status (OR = 1.48, p < 0.001), ADHD diagnosis (OR = 1.32, p = 0.009), MDD diagnosis (OR = 1.96, p < 0.001), and ER group status (OR = 1.7, p = 0.025; not significant after correction for multiple testing) compared to healthy controls.

Conclusions: In the present study, increased genetic risk for BD was a significant predictor for MDD and ADHD status, but not for ER. These findings support an underlying shared risk for both MDD and BD as well as ADHD and BD. Improving our understanding of the underlying genetic architecture of these phenotypes may aid in early identification and risk stratification.
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INTRODUCTION

Bipolar disorder (BD), which is characterized by recurrent episodes of mania and depression, is a severe and often chronic mental disorder associated with increased premature mortality and disability and reduced quality of life (1, 2). The first symptoms of the disorder occur many years before patients meet full diagnostic criteria, typically in adolescence, which thus marks a high-risk period for BD onset (3, 4). The mean age of onset for BD is between 20 and 30 years, and risk of onset decreases with age thereafter (1, 2). The long interval between early symptoms, correct diagnosis, and adequate treatment (5.8–6.7 years) (5, 6) is associated with a worsened clinical course and a substantial burden of illness (7, 8).

In the early course of BD, mood and drive are often dysregulated (9), which manifests in episodes of (subclinical) depression as well as (sub)threshold hypomania—these increase in severity and frequency during the period until onset (4, 6, 10). While the abovementioned symptoms are difficult to differentiate from normal fluctuations in mood (5), they represent the best predictors for developing BD (4, 10, 11). Additional symptoms include sleep disturbances, fear, anger, and irritability, which often occur in the early course and become more specific and similar to BD symptoms over time (4, 8, 9, 12).

Other difficulties that contribute to misdiagnosis of BD include a high rate of comorbidity and substantial overlap of symptoms between BD and other psychiatric disorders (13). The lifetime prevalence of attention deficit hyperactivity disorder (ADHD) in bipolar patients has been estimated to be around 20% and is thus one of the most common comorbid disorders in BD (14–16). ADHD has an earlier age of onset than BD and is common in relatives and offspring of individuals with BD, which has led to the hypothesis that it may be a precursor of BD (17, 18). However, while there are inconsistent findings regarding a genetic overlap between ADHD and BD (19), recent studies assessing genetic correlations between large-scale genome-wide association studies (GWAS) indicate a modest but significant positive association (12, 18, 20).

In most BD patients, the first episode at the onset of the disorder is a depressive episode, whereas an index mood episode of (hypo-)mania is less likely (21–23). Early age at onset of the first depressive disorder seems to be a prominent risk factor of conversion to BD (24–26). The difficulty in distinguishing BD from major depressive disorder (MDD) before the first (hypo-)manic episode occurs implies that BD diagnosis is often preceded by an initial misdiagnosis of MDD (21). This phenomenon creates the category of the so-called “hidden bipolars.” Observed conversion rates from MDD to BD in young adults varies between 2.5 and 15.4% in a follow-up interval of 3–9 years (24, 27, 28). Moreover, studies have provided considerable support for a high shared genetic risk between BD and MDD (29). Family history for BD has been found to be the strongest predictor for conversion (30).

With heritability rates of up to 70% for BD (31), understanding the genetic factors contributing to BD-specific symptoms is crucial to improving diagnosis. Early and accurate diagnosis of BD would aid timely intervention and potentially prevent serious consequential damage. GWAS focusing on the liability for BD have identified shared risk alleles of single-nucleotide polymorphisms (SNPs) between BD and MDD as well as between BD and ADHD (32–35). While individual SNPs have a very small effect on disease risk on their own, a polygenic risk score (PRS), which constitutes a single value estimate of an individual's genetic propensity to a phenotype across a vast array of SNPs, appears to be a promising improvement (36). The PRS is the sum of an individual's genome-wide additive risk for a certain phenotype based on variation in multiple genetic loci and their associated weights from GWAS. Thus, for complex genetic diseases such as BD, PRS are likely to become a valuable predictor for disease risk. PRS using information from disease-associated alleles on current GWAS platforms explain ~4% of the variation in risk for BD on the liability scale (29, 31). The modest accuracy of PRS is likely due to the highly polygenic nature of psychiatric disorders (37). In the future, higher levels of prediction accuracy may be achieved with predictors estimated from very large discovery samples (38). As GWAS datasets become larger and more diverse, they will have valuable potential for genomic risk prediction (39). Currently, PRS analyses are one of the most widely used approaches to understanding the genetic overlap between disorders, as well as at symptom level in case–control target samples (37).

To improve prognosis or even prevent the development of full-blown BD for affected individuals, there is a clear need to identify causative factors in order to improve diagnosis in the early stages of BD (2, 6). The present study investigates whether BD-PRS is associated with specific prodromal risk groups for BD. Based on previous research, we recruited subjects aged 18–35 belonging to three phenotypic risk groups for BD: Subjects with either ADHD or MDD diagnosis or early recognition (ER) risk factors assessed with the Early Phase Inventory for Bipolar Disorders (EPIbipolar) (13). These groups are being followed up longitudinally to assess the interplay of genetic and clinical predictors for pre-diagnostic risk stratification for BD (40).



MATERIALS AND METHODS


Participants

The study sample comprised 203 high-risk young adults aged 18–35 either diagnosed with ADHD (n = 128) or MDD (n = 51) or belonging to the ER group (n = 24) using standardized instruments (see Clinical assessments). Of these, 112 (ADHD = 32, MDD = 56, ER = 24) were recruited as part of the BipoLife substudy “Improving early recognition and intervention in people at-risk of developing bipolar disorder (BD),” which monitors young help-seeking adults over a 3-years period (40, 41). The additional young ADHD adults (n = 96) originated from the “Comorbid Conditions of Attention deficit hyperactivity disorders (CoCA)” study, which focuses on the investigation of developmental pathways, genetic and environmental mechanisms that underlie comorbidity of ADHD (42). The control group consisted of 1,223 healthy subjects with no history of psychiatric disorders from the longitudinal resilience assessment (LORA) project (https://lora-studie.de/) investigating the mechanisms involved in the resilience process as they occur in response to the stressors of modern life over a 3-years period (43).

All subjects declared that they understood the experimental procedure and provided written informed consent. The study was undertaken in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki; Rickham, 2013) and approved by the Ethics Committee of the University Hospital Frankfurt am Main, Germany. All subjects were recruited at the Department of Psychiatry, Psychosomatic Medicine and Psychotherapy at the University Hospital Frankfurt.



Clinical Assessments

The inclusion criteria for high-risk subjects were a DSM-IV or DSM-5 diagnosis of either MDD or ADHD or classification into an ER risk group and age in the range of 18–35 years. After an initial screening visit of all participants, the German version of the Structured Clinical Interview for DSM-IV Axis I disorders (SCID-I) (44) was carried out with all potential high-risk subjects. Individuals who fulfilled the criteria for a diagnosis of BD, schizoaffective disorder, or schizophrenia as well as those suffering exclusively from substance abuse, anxiety disorder, or obsessive–compulsive disorder were excluded. A comorbid personality disorder was not an exclusion criterion. All remaining subjects were assigned to one of the three risk groups (ADHD, MDD, and ER) depending on diagnosis.

To be assigned to the ADHD risk group, participants needed to fulfill the DSM-5 criteria for ADHD assessed by the DIVA questionnaire (45) and score above the cutoffs in the ADHD self-rating scales (German “ADHS-SB”) (46). If available, external evaluation from family members/colleagues for ADHD was also considered. In addition, scores of 30 or above on the short version of the German version of the Wender-Utah-Rating Scale (WURS-k) (47) for retrospective childhood symptoms were required. To be assigned to the MDD risk group, subjects needed to fulfill the criteria for a MDD diagnosis in the SCID-I. For young, help-seeking adults that did not have a confirmed SCID-I diagnosis, the risk assessment tool EPIbipolar was used to assign participants to the ER risk group (13). EPIbipolar operationalizes risk constellations out of the elevated risk factors that are associated with later conversion to BD [(I) positive family history for BD, (II) (sub)threshold affective symptoms, (III) mood swings, (IV) changes in sleep and circadian rhythm, (V) substance misuse or dependence, (VI) impairment in psychosocial functioning, (VII) fearfulness/anxiety, and (VIII) episodic course] and forms risk groups. We assumed that elevated risk might be captured best by including all participants meeting the criteria for the risk categories defined in EPIbipolar (risk group, high-risk group, and ultra-high-risk group) and exclude subjects with no risk group assignment only. Only one participant from the high-risk group, who did not meet the criteria for ADHD or MDD or any of the risk categories defined in EPIbipolar was excluded from the final regression analyses.

Current or past psychiatric symptoms were ascertained in healthy controls to rule out an axis-I disorder (according to DSM-IV and DSM-5, respectively) by semi-structured interview with the Mini-International Neuropsychiatric Interview (M.I.N.I.) (48). All diagnostic interviews were conducted by trained and experienced clinicians.



Genotyping and Quality Control

Genotyping was performed using the Global Screening Array (GSA), Multiple Drops (MD) Version 2.0 at the Life & Brain GmbH Platform Genomics, Bonn, Germany for the 51 MDD and 24 ER subjects. Genotyping of the 128 ADHD cases and 1,223 controls was carried out on a GSA-MD V 1.0 at the Broad Institute in Cambridge, Massachusetts, USA. Quality control of all subjects was performed using PLINK v1.9 (49). SNPs were filtered to exclude those with minor allele frequencies ≤ 0.01, calling rate of ≤ 0.98, variants deviating from Hardy–Weinberg-Equilibrium (HWE) (p < 1 × 10−6), and tri-allelic variants or variants not uniquely mappable. Participants were excluded in case of missingness >0.02, heterozygosity rate > 0.2, and sex mismatch. Filtering for population structure and relatedness was carried out on selected high-quality (HWE p < 0.02, MAF >0.2, missingness = 0) SNP set that was LD pruned (r2 = 0.1). In case of cryptically related subjects (pi hat > 0.2), one of the subjects was excluded, preferentially retaining cases. Principal component analysis (PCA) was performed to assess hidden population stratification, and outliers with a SD > 6 on one of the first 20 principal components were excluded. After quality control, the datasets were merged and another round of quality control and PCA were carried out as described above.

In total, 141 subjects were excluded from subsequent analyses: 117 subjects were excluded after genetic quality control, 22 subjects were excluded because of missing information on age, and 1 ER subject was excluded for not fulfilling the criteria for ER risk group status (see Clinical assessments). The final dataset thus consisted of N = 1,285 participants (117 ADHD, 45 MDD, and 23 ER high-risk subjects and 1,100 healthy controls) and 431,828 SNPs.



Polygenic Risk Scores

PRS calculated was performed using the PRSice software version 2.3.1.e with default options [clump-kb 250, clump-p 1.0, clump r2 0.1, interval 5e-05, lower 5e-08, stat OR; (50)]. We calculated PRS for BD based on the summary statistic files of the second Psychiatric Genomics Consortium Bipolar Disorder (PGC-BD) GWAS (31), applying INFO score filtering (INFO > 0.8). There was no overlap between the present study sample and the used BD discovery sample. BD-PRS were z-transformed based on the mean and standard deviation observed in the control group. We applied the best-fit function of PRSice, which runs logistic regressions to determine the p-threshold with the largest variance explained by the PRS, assessed as the increment in Nagelkerke's pseudo-R2 of the full model including BD-PRS and covariates (age, sex, and the first five principal components for population stratification) compared to the null model (only covariates). The best-fit PRS for the combined sample (dependent variable: high-risk vs. control group) was used for further subgroup comparisons. In addition to the incremental R2 values, we report the incremental R2 adjusted for the liability scale (onwards referred to as “R2.liability”; –prevalence flag in PRSice2), assuming a more conservative estimated population lifetime prevalence of 2.5% for ADHD in adults (51) and 15% for MDD (52), as well as 17% for ER (unpublished data). For the combined risk group, we applied an average prevalence weighted by the subsample sizes as an approximation of prevalence (7.39%).



Statistics

All further analyses were performed using SPSS 26.0 for Windows (IBM Corp., USA). To examine if BD-PRS (the independent variable) was associated with a specific risk group compared to control status (dependent variable), binary logistic regressions were carried out. Odds ratios (ORs) per standard deviation (SD) increase in BD-PRS are reported. Each regression included sex, age, and the first five principal components (to control for hidden population stratification) as covariates. Uncorrected p-values are reported, thus the corresponding Bonferroni-corrected alpha threshold was 0.0125 (correcting for four analyses, i.e. any risk group vs. control, ADHD vs. control, MDD vs. control and ER vs. control).

Given that the sample size was pre-defined at the beginning of the study, we performed a post-hoc power analysis to identify the beta error with the given sample size. For the four different binary logistic regressions, we calculated the post-hoc statistical power for the estimated population effect sizes with GPower 3.1.9.7 (53) for an population effect of an R2 of 0.04 (corresponding to a Cohen's d of 0.41) as observed in the PRS analyses in the GWAS by Stahl et al. (31) using the following parameters: Corrected alpha error probability of 0.0125, control group sample size of n = 1,100, and experimental group sample size of n = 185 (combined risk group), n = 117 (ADHD), n = 45 (MDD), and n = 23 (ER), respectively. Power analysis revealed a statistical power of >0.99 for the regression with the combined risk group, and 0.95 (ADHD group), 0.57 (MDD group), and 0.30 (ER group).




RESULTS


Sample Characteristics

The age of the participants (39.4% male, 60.6% female) at the time of the interview ranged from 18 to 82 years, with a mean of 31.39 (SD = 12.65) years (Table 1).


Table 1. Demographic data.
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Risk Group Association With Genetic Risk of BD

BD-PRS score was positively associated with belonging to the combined risk group (OR = 1.48, 95% CI [1.25, 1.76], PRS.R2 =0.026, PRS.R2.liability =0.030, p < 0.001) vs. controls. Binary logistic regression for the specific subgroups showed BD-PRS was also associated with ADHD vs. control status (OR = 1.32, 95% CI [1.07, 1.62], PRS.R2 = 0.011, PRS. R2.liability = 0.011, p = 0.009) and MDD vs. control status (OR = 1.96, 95% CI [1.42, 2.73], PRS.R2 = 0.050, PRS.R2.liability = 0.094, p < 0.001). A trend was observed for BD-PRS prediction of ER group vs. control status (OR = 1.70, 95% CI [1.07, 2.69], PRS.R2 = 0.024, PRS R2.liability = 0.049; p = 0.025, see Figure 1). Only the association with ER vs. control group status was not significant per the Bonferroni-corrected alpha level of 0.0125. None of the analyzed samples showed hidden population stratification in the first five principal components (PC1–PC5). For a summary of the regression coefficients, see Table 2.


[image: Figure 1]
FIGURE 1. Box plot of the distribution of BD-PRS for BD high-risk groups. Control, healthy control group; ADHD, attention deficit hyperactivity disorder; MDD, major depressive disorder; ER, early recognition; ZScore: BD-PRS, standardized BD-PRS score.



Table 2. Associations of the BD-PRS with risk groups.
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DISCUSSION


Summary of Findings

To date, few studies have investigated phenotypes associated with genetic risk of BD utilizing BD-PRS (19, 54). In this study, we uniquely investigated the role of psychopathology and high-risk factors in young adults for the development of BD using BD-PRS scores. Our results provide information about shared genetic risk factors, supporting the hypothesis that BD-PRS might improve the accuracy of BD diagnosis in the early course of illness or prodromal phase. Overall, the results for the combined risk group (ADHD, MDD, and ER) displayed a weak association between the BD-PRS and the respective diagnoses, as made evident by the expected risk-increasing profile (OR = 1.48). In the subgroup analyses, BD-PRS was a significant predictor of both MDD and ADHD diagnosis vs. healthy control status in young adults, but not of ER group status. For MDD as well as ADHD, we observed a weak risk association of BD-PRS and case vs. healthy control status (ORMDD = 1.96; ORADHD = 1.32). BD-PRS did not show a significant association with ER group status as per the Bonferroni-corrected significance level, which may be due to the limited statistical power for this comparatively small subsample. The results from our high-risk young adult cohort indicate that the expected shared risk between both MDD and BD and ADHD and BD is considerable. Although the discovery GWAS sample used to calculate BD-PRS in our study is the largest available to date, the predictive power achievable by polygenic scores for BD is still limited. Future, large-scale GWAS will enable better prediction of polygenic risk for developing BD and aid accurate diagnosis.



BD-PRS and MDD

The results of the present study are consistent with and extend previous findings of a strong genetic overlap between BD and MDD (54, 55). From a clinical perspective, one possible explanation for the observed genetic overlap is the high overlap of symptoms between the two disorders with regard to depressive symptoms. However, BD and MDD still differ largely in course of illness, symptomatology and treatment overall. Another potential explanation is that the association between BD-PRS and MDD case status is due to poor assessment of previous hypomanic symptoms in psychiatric patients. That is, a number of patients classified as having MDD in our sample might be misdiagnosed BD patients with undocumented/undetected hypomanic symptoms. However, a recent study showed that BD-PRS was not associated with hypomania (19). In addition, all subjects in our study were diagnosed by experienced raters with the semi-structured clinical interview SCID-I, which is a valid instrument to detect hypomania symptoms.

Instead, the most likely explanation for the observed association of BD-PRS with increased odds of being diagnosed with MDD is that some of our subjects diagnosed with MDD are actually affected by BD, but have not clinically converted to BD yet [i.e., they are “hidden BD patients” (56)]. A major strength of our study is that we focus on young adults, since numerous prior studies have shown that early age of onset for MDD is a predictor of bipolar conversion (24). This is in line with the fact that the index episode for most BD cases is a depressive episode (22–24). However, the unknown degree to which “hidden BD patients” comprise MDD case samples makes it difficult to distinguish between pleiotropy and truly shared biological pathways in the association of genetic risk for BD with MDD. To further investigate this issue and other open questions such as whether BD-PRS decreases with increasing age in MDD cases, large-scale longitudinal studies of conversion rates for individuals diagnosed with MDD are needed.



BD-PRS and ADHD

The association between BD-PRS and ADHD case vs. healthy control status is in line with previous findings of high comorbidity and symptom overlap between the two disorders—especially in the age group assessed in the present study (20). However, as with MDD, there are multiple possible explanations for the observed association in the context of previous findings. It is unclear if the high comorbidity of BD and ADHD is simply a result of misdiagnosis due to similarity of symptom complexes, if it is a true comorbidity or whether ADHD is more likely a prodromal manifestation of BD (13). Given that all diagnoses were given based on the results of semi-structured interviews and standardized instruments based on the DSM-IV and DSM-5 and carried out by trained clinicians, we are confident that misdiagnosis in our sample was very unlikely. It is well-documented that a comorbid diagnosis of ADHD is associated with worse outcomes for BD-affected individuals. BD patients with comorbid ADHD have an earlier onset of diagnosed BD, a worse course of illness and a greater burden of other psychiatric comorbid conditions, regardless of whether the ADHD symptoms persist in adulthood or not (14, 57). Duffy (58) proposed that the clinical and biological overlap between BD and ADHD might also be part of a phenotype predicting a specific subtype of BD. In view of the fact that we focused on young adults in our study, our findings might represent a distinct early-onset subtype of BD.

While a recent review only found evidence for a weak association of BD-PRS with ADHD at best (54), various other results support the observed association between BD-PRS and ADHD diagnosis in our study (18–20, 24, 59). However, with regard to the genetic correlation between BD and ADHD, different iterations of the PGC BD-ADHD cross-disorder correlations give different results, and even the correlation between different PGC-BD GWAS phases varies. For example, a larger correlation was observed in Hulzen et al. (20) compared to the later study based on an increased sample by O'Connell et al. (18). In addition, one study has also found evidence for distinct underlying genetic mechanisms (20). Altogether, given the reported genetic association between BD and ADHD, our findings support the assumption that these disorders share genetic underpinnings. Of interest are similar positive genetic correlations of ADHD with early- and late-onset BD. Further research is needed to disentangle the distinct and shared genetic mechanisms of BD and ADHD.



BD-PRS and ER

Based on the heterogeneity of BD and the unknown composition of risk factors, it is challenging to accurately index individuals with a high propensity to develop BD (23). Most BD patients experience a variety of symptoms, which vary in severity, frequency, and duration and increase until they fulfill full diagnostic criteria (4, 6). However, some risk factors appear to be better indicators than others for propensity to develop BD. The best method to date to quantify risk for BD is the preliminary EPIbipolar (13) used to assign subjects the ER group in this study. Although the risk assessment tool uses key symptom profiles comprising weighted well-documented risk factors associated with later disease manifestation, it is still unclear how well EPIbipolar can measure/predict risk for BD (60). Likewise, EPIbipolar has not yet been tested for an association with BD-PRS. While we could observe a higher average BD-PRS in the ER sample compared to the healthy control group, BD-PRS was not a significant predictor of ER group vs. healthy control status per the corrected significance level. The limited statistical power of this subgroup analysis due to the small sample size of the ER risk group may explain why the weak association did not reach the level of statistical significance. These results underline the need for further research with larger sample sizes, envisaged by BipoLife (40, 41). The dichotomized EPIbipolar threshold for elevated risk used to assign subjects to the ER group (EPIbipolar risk, high-risk and ultra-high-risk group vs. no risk group classification) may also play a role in the negative findings. Exploratory analyses revealed a higher association between the BD-PRS and ER group vs. healthy control status when only subjects who fell into the EPIbipolar high-risk and ultra-high-risk groups were included. Therefore, the lack of association between BD-PRS and ER group status might be a result of an underestimated threshold that leads to an information bias (2, 9). A more stringent threshold for EPIbipolar results and larger sample sizes may enable the detection of an underlying association of BD-PRS with ER BD risk status.



Limitations

A limitation of the present study is the number of participants assessed, particularly when analyzing the three risk groups separately. While our power analysis indicated an adequate power to detect effects as described in the literature for BD case–control samples (31) for the combined risk group, power was limited for analyses of the individual subgroups. In order to detect more subtle effects or investigate the characteristics of subgroups in more detail, larger samples are needed. Another limitation is the predictive power of BD-PRS. While BD-PRS were derived from the largest GWAS of BD to date, substantially larger discovery samples are needed to fully leverage the predictive power of PRS. Additionally, PRS capture only common genetic variations and their effects on risk—rare variants may also play a role in BD risk. We also acknowledge that, by using the best-fit approach implemented in PRSice, the observed variance explained by PRS (pseudo R2; PRS.R2.adj = 0.0174038) is likely an overestimation of the true value. Finally, follow-up studies are required to determine how many high-risk participants convert to BD to determine the predictive validity of the BD-PRS associations.




CONCLUSION

In conclusion, we found associations between increased genetic risk for BD and increased odds of MDD and ADHD in young adulthood, but not for odds of ER group status. While PRS only explain a relatively small proportion of the variance of BD, the results of our study indicate that BD-PRS may be still useful for early identification and risk stratification in the future. Currently, the predictive power of psychiatric PRS is still too limited for clinical application (61). However, future, exponentially larger GWAS will substantially increase the signal reliably captured and increase the predictive power of PRS (39). Furthermore, methodological advances of risk scoring methods [e.g., by improved algorithms or inclusion of rare variants, will further improve genetic risk prediction (62)]. Given the comorbidity of MDD and BD, lack of early diagnosis, and the fact that a first onset MDD diagnosis may actually represent an early-onset BD phenotype, further work in longitudinal studies could explore how many high-risk individuals convert to BD. In this regard, it would be interesting to see if those who convert to BD are also those who have a high BD-PRS score. Additionally, a stricter definition of ER status to best reflect conversion risk could contribute to improved BD risk prediction.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because participants of the study did not give permission to publish their genome-wide data, based on obvious conflict with General Data Protection Regulation (OJ L 119, 04.05.2016; cor. OJ L 127, 23.5.2018.; https://gdpr-info.eu/). Requests to access the datasets should be directed to Andreas Reif, Andreas.Reif@kgu.de.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the University Hospital Frankfurt am Main, Germany. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

SB, KP, SM, OG, MBr, and NB-K: acquisition of data. AR, SK-S, AP, SM, TK, OG, VO, MBa, and TS: critical revision. SB, TK, SK-S, AR, SM, and AP: drafting of manuscript. SB and TK: analysis and interpretation of data. All authors contributed to the article and approved the submitted version.



FUNDING

The genotyping was funded in part by the Broad Institute in Cambridge, Massachusetts, USA. Early-BipoLife was funded by the Federal Ministry of Education and Research (BMBF, grant number: 01EE1404A) and is part of the BipoLife consortium (local PI AR) described elsewhere (40). This project has also received funding from the European Union's Horizon 2020 research and innovation program under grant agreement No 667302. This report reflects only the author's view and the Commission is not responsible for any use that may be made of the information it contains. FS acknowledges support by the German Federal Ministry of Education and Research (BMBF) through the ERA-NET NEURON, SynSchiz—Linking synaptic dysfunction to disease mechanisms in schizophrenia—a multilevel investigation (01EW1810) grant.



ACKNOWLEDGMENTS

We thank all participants of the study for their participation. In addition, we thank the Bipolar Disorder Working Group of the Psychiatric Genomics Consortium (PGC-BIP) for providing access to the relevant data. In particular, we would like to thank Theresia Töpner, Joyce Auer, and Sabine Stanzel for their excellent technical support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyt.2020.552532/full#supplementary-material



REFERENCES

 1. Ferrari AJ, Stockings E, Khoo JP, Erskine HE, Degenhardt L, Vos T, et al. The prevalence and burden of bipolar disorder: findings from the Global Burden of Disease Study 2013. Bipolar Disord. (2016) 18:440–50. doi: 10.1111/bdi.12423

 2. Rowland TA, Marwaha S. Epidemiology and risk factors for bipolar disorder. Therapeut Adv Psychopharmacol. (2018) 8:251–69. doi: 10.1177/2045125318769235

 3. Balsan G, Corcos M. Les troubles maniaco-dépressifs à l'adolescence : aspects cliniques. Archiv Pediatrie. (2016) 23:417–23. doi: 10.1016/j.arcped.2015.12.006

 4. Van Meter A, Guinart D, Bashir A, Sareen A, Cornblatt BA, Auther A, et al. Bipolar prodrome symptom scale—abbreviated screen for patients: description and validation. J Affective Disord. (2019) 249:357–65. doi: 10.1037/t72810-000

 5. Dagani J, Signorini G, Nielssen O, Bani M, Pastore A, Girolamo G, et al. Meta-analysis of the Interval between the onset and management of bipolar disorder. Can J Psychiatry. (2017) 62:247–58. doi: 10.1177/0706743716656607

 6. Leopold K, Ratzer S, Correll CU, Rottmann-Wolf M, Pfeiffer S, Ritter P, et al. Characteristics, symptomatology and naturalistic treatment in individuals at-risk for bipolar disorders: baseline results in the first 180 help-seeking individuals assessed at the dresden high-risk project. J Affective Disord. (2014) 152–4:427–33. doi: 10.1016/j.jad.2013.10.009

 7. Pfennig A, Conell J, Ritter P, Ritter D, Severus E, Meyer TD, et al. Leitliniengerechte psychiatrisch-psychotherapeutische Behandlung bei bipolaren Störungen: Welche Ressourcen werden dafür benötigt? Nervenarzt. (2017) 88:222–33. doi: 10.1007/s00115-016-0083-3

 8. Rios AC, Noto MN, Rizzo LB, Mansur R, Martins FE, Grassi-Oliveira R, et al. Early stages of bipolar disorder: characterization and strategies for early intervention. Revista Brasileira Psiquiatria. (2015) 37:343–9. doi: 10.1590/1516-4446-2014-1620

 9. Skjelstad DV, Malt UF, Holte A. Symptoms and signs of the initial prodrome of bipolar disorder: a systematic review. J Affective Disord. (2010) 126:1–13. doi: 10.1016/j.jad.2009.10.003

 10. Correll CU, Penzner JB, Frederickson AM, Richter JJ, Auther AM, Smith CW, et al. Differentiation in the preonset phases of schizophrenia and mood disorders: evidence in support of a bipolar mania prodrome. Schizophrenia Bull. (2007) 33:703–14. doi: 10.1093/schbul/sbm028

 11. Conroy SK, Francis MM, Hulvershorn LA. Identifying and treating the prodromal phases of bipolar disorder and schizophrenia. Curr Treat Options Psychiatry. (2018) 5:113–28. doi: 10.1007/s40501-018-0138-0

 12. Lee P, Anttila V, Won H, Yen-Chen F, Rosenthal J, Zhu Z, et al. Genomic relationships, novel loci, and pleiotropic mechanisms across eight psychiatric disorders. Cell. (2019) 179:1469–82. doi: 10.1016/j.cell.2019.11.020

 13. Leopold K, Ritter P, Correll CU, Marx C, Özgürdal S, Juckel G, et al. Risk constellations prior to the development of bipolar disorders: rationale of a new risk assessment tool. J Affective Disord. (2012) 136:1000–10. doi: 10.1016/j.jad.2011.06.043

 14. Rydén E, Thase ME, Stråht D, Åberg-Wistedt A, Bejerot S, Landén M. A history of childhood attention-deficit hyperactivity disorder (ADHD) impacts clinical outcome in adult bipolar patients regardless of current ADHD. Acta Psychiatr Scand. (2009) 120:239–46. doi: 10.1111/j.1600-0447.2009.01399.x

 15. Torres I, Gómez N, Colom F, Jiménez E, Bosch R, Bonnín CM, et al. Bipolar disorder with comorbid attention-deficit and hyperactivity disorder. Acta Psychiatr Scand. (2015) 132:389–99. doi: 10.1111/acps.12426

 16. Wingo AP, Ghaemi SN. A systematic review of rates and diagnostic validity of comorbid adult attention-deficit/hyperactivity disorder and bipolar disorder. J Clin Psychiatry. (2007) 68:1776–84. doi: 10.4088/JCP.v68n1118

 17. Meier SM, Pavlova B, Dalsgaard S, Nordentoft M, Mors O, Mortensen PB, et al. Attention-deficit hyperactivity disorder and anxiety disorders as precursors of bipolar disorder onset in adulthood. Br J Psychiatry. (2018) 213:555–60. doi: 10.1192/bjp.2018.111

 18. O'Connell KS, Shadrin A, Bahrami S, Smeland OB, Bettella F, Frei O, et al. Identification of genetic overlap and novel risk loci for attention-deficit/hyperactivity disorder and bipolar disorder. Mol Psychiatry. (2019). doi: 10.1038/s41380-019-0613-z

 19. Mistry S, Escott-Price V, Florio AD, Smith DJ, Zammit S. Genetic risk for bipolar disorder and psychopathology from childhood to early adulthood. J Affective Disord. (2019) 246:633–9. doi: 10.1016/j.jad.2018.12.091

 20. Hulzen KJE, Van Scholz CJ, Franke B, Ripke S, Mcquillin A, Sonuga-barke EJ, et al. 120th anniversary of the kraepelinian dichotomy of psychiatric disorders. HHS Public Access. (2017) 82:634–41. doi: 10.1016/j.biopsych.2016.08.040

 21. Fritz K, Russell AMT, Allwang C, Kuiper S, Lampe L, Malhi GS. Is a delay in the diagnosis of bipolar disorder inevitable? Bipolar Disord. (2017) 19:396–400. doi: 10.1111/bdi.12499

 22. Gilman SE, Dupuy JM, Perlis RH. Risks for the transition from major depressive disorder to bipolar disorder in the National Epidemiologic Survey on alcohol and related conditions. J Clin Psychiatry. (2012) 73:829–36. doi: 10.4088/JCP.11m06912

 23. Propper L, Ortiz A, Slaney C, Garnham J, Ruzickova M, Calkin CV, et al. Early-onset and very-early-onset bipolar disorder: distinct or similar clinical conditions? Bipolar Disord. (2015) 17:814–20. doi: 10.1111/bdi.12346

 24. Kim H, Kim Y, Baek JH, Fava M, Mischoulon D, Nierenberg AA, et al. Predictive factors of diagnostic conversion from major depressive disorder to bipolar disorder in young adults ages 19–34: a nationwide population study in South Korea. J Affective Disord. (2020) 265:52–8. doi: 10.1016/j.jad.2020.01.009

 25. Østergaard SD, Straszek S, Petrides G, Skadhede S, Jensen SOW, Munk-Jørgensen P, et al. Risk factors for conversion from unipolar psychotic depression to bipolar disorder. Bipolar Disord. (2014) 16:180–9. doi: 10.1111/bdi.12152

 26. Ratheesh A, Davey C, Hetrick S, Alvarez-Jimenez M, Voutier C, Bechdolf A, et al. A systematic review and meta-analysis of prospective transition from major depression to bipolar disorder. Acta Psychiatr Scand. (2017) 135:273–84. doi: 10.1111/acps.12686

 27. Pedrotti Moreira F, Cardoso TC, Mondin TC, Wiener CD, de Mattos Souza LD, Oses JP, et al. Serum level of nerve growth factor is a potential biomarker of conversion to bipolar disorder in women with major depressive disorder. Psychiatry Clin Neurosci. (2019) 73:590–3. doi: 10.1111/pcn.12896

 28. ter Meulen WG, Draisma S, Beekman ATF, Penninx BWJH, Kupka RW. The predictive performance of the bipolarity index in a Dutch epidemiological sample manuscript. J Affective Disord. (2020) 262:373–80. doi: 10.1016/j.jad.2019.10.055

 29. Lee SH, Ripke S, Neale BM, Faraone SV, Purcell SM, Perlis RH, et al. Genetic relationship between five psychiatric disorders estimated from genome-wide SNPs. Nat Genetics. (2013) 45:984–94. doi: 10.1038/ng.2711

 30. Musliner KL, Østergaard SD. Patterns and predictors of conversion to bipolar disorder in 91 587 individuals diagnosed with unipolar depression. Acta Psychiatr Scand. (2018) 137:422–32. doi: 10.1111/acps.12869

 31. Stahl E, Bipolar Working Group of the Psychiatric Genomics Consortium. Genome-wide association study identifies twenty new loci associated with bipolar disorder. Eur Neuropsychopharmacol. (2019) 29:S816. doi: 10.1016/j.euroneuro.2017.08.061

 32. Ikeda M, Saito T, Kondo K, Iwata N. Genome-wide association studies of bipolar disorder: a systematic review of recent findings and their clinical implications. Psychiatry Clin Neurosci. (2018) 72:52–63. doi: 10.1111/pcn.12611

 33. Ruderfer DM, Ripke S, McQuillin A, Boocock J, Stahl EA, Pavlides JMW, et al. Genomic dissection of bipolar disorder and schizophrenia, including 28 subphenotypes. Cell. (2018) 173:1705–15.e16. doi: 10.1016/j.cell.2018.05.046

 34. Sklar P, Purcell SM, Ripke S, Daly M, Ferreira MA, O'Dushlaine C, et al. Large-scale genome-wide association analysis of bipolar disorder identifies a new susceptibility locus near ODZ4. Nat Genetics. (2011) 43:977–85. doi: 10.1038/ng.943

 35. Witt SH, Streit F, Jungkunz M, Frank J, Awasthi S, Reinbold CS, et al. Genome-wide association study of borderline personality disorder reveals genetic overlap with bipolar disorder, major depression and schizophrenia. Transl Psychiatry. (2017) 7:e1155. doi: 10.1038/tp.2017.115

 36. Choi SW, Heng Mak TS, O'Reilly PF. A guide to performing Polygenic Risk Score analyses. bioRxiv (2018) 416545. doi: 10.1101/416545

 37. So HC, Sham PC, Valencia A. Exploring the predictive power of polygenic scores derived from genome-wide association studies: a study of 10 complex traits. Bioinformatics. (2017) 33:886–92. doi: 10.1093/bioinformatics/btw745

 38. Dudbridge F. Correction: power and predictive accuracy of polygenic risk scores. PLOS Genet. (2013) 9. doi: 10.1371/annotation/b91ba224-10be-409d-93f4-7423d502cba0

 39. Sullivan PF, Agrawal A, Bulik CM, Andreassen OA, Børglum AD, Breen G, et al. Psychiatric genomics: an update and an agenda. Am J Psychiatry. (2018) 175:15–27. doi: 10.1176/appi.ajp.2017.17030283

 40. Ritter PS, Bermpohl F, Gruber O, Hautzinger M, Jansen A, Juckel G, et al. Aims and structure of the German Research Consortium BipoLife for the study of bipolar disorder. Int J Bipolar Disord. (2016) 4:26. doi: 10.1186/s40345-016-0066-0

 41. Pfennig A, Leopold K, Martini J, Boehme A, Lambert M, Stamm T, Bermpohl F, et al. Improving early recognition and intervention in people at increased risk for the development of bipolar disorder-Study protocol of a prospective-longitudinal, naturalistic cohort study (Early-BipoLife). Int J Bipolar Disord. (2020) 8:22. doi: 10.1186/s40345-020-00183-4

 42. Mayer JS, Hees K, Medda J, Grimm O, Asherson P, Bellina M, et al. Bright light therapy versus physical exercise to prevent co-morbid depression and obesity in adolescents and young adults with attention-deficit / hyperactivity disorder: study protocol for a randomized controlled trial. Trials. (2018) 19:1. doi: 10.1186/s13063-017-2426-1

 43. Chmitorz A, Neumann RJ, Kollmann B, Ahrens KF, Öhlschläger S, Goldbach N, et al. Longitudinal determination of resilience in humans to identify mechanisms of resilience to modern-life stressors: the longitudinal resilience assessment (LORA) study. Eur Arch Psychiatry Clin Neurosci. (2020). doi: 10.1007/s00406-020-01159-2

 44. Gorgens KA. Structured clinical interview for DSM-IV (SCID-I/SCID-II). Encyclop Clin Neuropsychol. (2011) 2410–7. doi: 10.1007/978-0-387-79948-3_2011

 45. Kooij JJS. Diagnostic interview for ADHD in adults 2.0 (DIVA 2.0). In: Adult ADHD. Diagnostic Assessment and Treatment. Amsterdam: Pearson Assessment & Information BV (2010).

 46. Rösler M, Retz W, Retz-Junginger P, Thome J, Supprian T, Nissen T, et al. Instrumente zur diagnostik der aufmerksamkeitsdefizit-/ hyperaktivitätsstörung (ADHS) im erwachsenenalter. Nervenarzt. (2004) 75:888–95. doi: 10.1007/s00115-003-1622-2

 47. Retz-Junginger P, Retz W, Blocher D, Stieglitz RD, Georg T, Supprian T, et al. Reliabilität und validität der Wender-Utah-Rating-Scale-Kurzform: Retrospektive erfassung von symptomen aus dem spektrum der aufmerksamkeitsdefizit/hyperaktivitätsstörung. Nervenarzt. (2003) 74:987–93. doi: 10.1007/s00115-002-1447-4

 48. Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The Mini-International Neuropsychiatric Interview (M.I.N.I.): the development and validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin Psychiatry. (1998) 59(Suppl 20):22–33; quiz 34–57. 

 49. Chang CC, Chow CC, Tellier LCAM, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to the challenge of larger and richer datasets. GigaScience. (2015) 4:8. doi: 10.1186/s13742-015-0047-8

 50. Choi SW, O'Reilly PF. PRSice-2: polygenic Risk Score software for biobank-scale data. GigaScience. (2019) 8:giz082. doi: 10.1093/gigascience/giz082

 51. Demontis D, Walters RK, Martin J, et al. Discovery of the first genome-wide significant risk loci for attention deficit/hyperactivity disorder. Nat Genet. (2019) 51:63–75. doi: 10.1038/s41588-018-0269-7

 52. Wray NR, Ripke S, Mattheisen M, Trzaskowski M, Byrne EM, Abdellaoui A, et al. Genome-wide association analyses identify 44 risk variants and refine the genetic architecture of major depression. Nat. Genet. (2018) 50:668–81. doi: 10.1038/s41588-018-0090-3

 53. Erdfelder E, Faul F, Buchner A. GPOWER: a general power analysis program. Behav Res Method Instr Comp. (1996) 28:1–11. doi: 10.3758/BF03203630

 54. Mistry S, Harrison JR, Smith DJ, Escott-Price V, Zammit S. The use of polygenic risk scores to identify phenotypes associated with genetic risk of bipolar disorder and depression: a systematic review. J Affective Disord. (2018) 234:148–55. doi: 10.1016/j.jad.2018.02.005

 55. Gordovez FJA, McMahon FJ. The genetics of bipolar disorder. Mol Psychiatry. (2020) 25:544–59. doi: 10.1038/s41380-019-0634-7

 56. Coleman JRI, Gaspar HA, Bryois J, Byrne EM, Forstner AJ, Holmans PA, et al. The genetics of the mood disorder spectrum: genome-wide association analyses of more than 185,000 cases and 439,000 controls. Biol Psychiatry. (2020) 88:169–84. doi: 10.1016/j.biopsych.2019.10.015

 57. Nierenberg AA, Miyahara S, Spencer T, Wisniewski SR, Otto MW, Simon N, et al. Clinical and diagnostic implications of lifetime attention-deficit/ hyperactivity disorder comorbidity in adults with bipolar disorder: data from the first 1,000 STEP-BD participants. Biol Psychiatry. (2005) 57:1467–73. doi: 10.1016/j.biopsych.2005.01.036

 58. Duffy A. The nature of the association between childhood ADHD and the development of bipolar disorder: a review of prospective high-risk studies. Am J Psychiatry. (2012) 169:1247–55. doi: 10.1176/appi.ajp.2012.11111725

 59. Hamshere ML, Stergiakouli E, Langley K, Martin J, Holmans P, Kent L, et al. Shared polygenic contribution between childhood attention-deficit hyperactivity disorder and adult schizophrenia. Br J Psychiatry. (2013) 203:107–11. doi: 10.1192/bjp.bp.112.117432

 60. Burkhardt E, Pfennig A, Breitling G, Pfeiffer S, Sauer C, Bechdolf A, et al. Creativity in persons at-risk for bipolar disorder-A pilot study. Early Interv Psychiatry. (2019) 13:1165–72. doi: 10.1111/eip.12748

 61. Lewis CM, Vassos E. Polygenic risk scores: from research tools to clinical instruments. Genome Med. (2020) 12:44. doi: 10.1186/s13073-020-00742-5

 62. Ge T, Chen C, Ni Y, Anne Feng Y-C, Smoller JW. Polygenic prediction via Bayesian regression and continuous shrinkage priors. Nat Commun. (2019) 10:1776. doi: 10.1038/s41467-019-09718-5

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Biere, Kranz, Matura, Petrova, Streit, Chiocchetti, Grimm, Brum, Brunkhorst-Kanaan, Oertel, Malyshau, Pfennig, Bauer, Schulze, Kittel-Schneider and Reif. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpsyt-11-552532-t002.jpg
Risk group B SE P OR 95% CI Nagelkerke’s R2 Nagelkerke’s R?

observed liability
All risk groups (N = 185) 0.026 0030
BD-PRS 039 0.087 <0001 1.48 1.25-1.76

Sex -058 017 0001 056 0.41-0.78

Age 0,066 0012 <0001 094 092-0.98

PC1 ~259 256 0310 0075 0.000-11.2

PC2 -135 267 0615 026 0.001-489

PC3 -075 286 0.794 047 0.002-129

PC4 -3.10 2.98 0.208 0.045 0.000-15.5

PC5 553 296 0,062 252 0.76-83,406

ADHD (n = 117)

BD-PRS 028 011 0.009" 182 1.07-162 0.011 0011
Sex -092 020 <0001 0.40 027-0.59

Age -0.048 0012 <0001 095 093-0.98

PC1 -423 292 0.148 0.02 0.000-4.50

PC2 —1269 342 0.684 028 0.001-128

PC3 -0.13 3.44 0970 088 0.001-747

PC4 —2.62 366 0474 0073 0.000-95.0

PC5 022 354 0951 1.245 0.001-1277

MDD (n = 45)

BD-PRS 0.68 0.17 <0.001* 1.96 1.42-2.73 0.050 0.094
Sex 0,009 031 0.765 1.10 058-2.11

Age -0.090 0.027 0.001* 091 087-0.98

PC1 251 5.02 0616 12.4 0.001-229298

PC2 -438 476 0358 001 0.000-141

PC3 -205 5.4 0689 0.13 0.000-3018

PC4 ~4.66 576 0419 001 0.000-760

PC5 153 572 0,007 4389555 50.7-3.28E+11

ER(n=23)

BD-PRS 053 024 0,025 1.70 1.07-2.69 0.02 005
Sex 0.080 0.46 0.862 1.08 0.44-2.66

Age -0.17 0.054 0.002* 085 0.76-0.94

PC1 0.64 743 0.928 1.90 0.000-2238258

PC2 9.42 828 0255 12877 0.001- 1.38E+11

PC3 074 808 0927 210 0.000-15892441

PC4 279 772 0718 16 0.000-60807382

PC5 159 786 0,043 8055215 1.64-3.95E+13

Binary logistic regressions were adjusted for sex, age, and ancestry PCs 1-5. Sex was coded as 1 = male and 2 = female.
*BD-PRS signilicant after applying the corrected elpha threshold of 0.0125.
ADHD, attention deficit hyperactivity disorder: MDD, major depressive disorder: ER, early recognition; Cl, confidence interval; PC, principal component.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Risk Stratification for Bipolar Disorder Using Polygenic Risk Scores Among Young High-Risk Adults



		Introduction



		Materials and Methods



		Participants



		Clinical Assessments



		Genotyping and Quality Control



		Polygenic Risk Scores



		Statistics







		Results



		Sample Characteristics



		Risk Group Association With Genetic Risk of BD







		Discussion



		Summary of Findings



		BD-PRS and MDD



		BD-PRS and ADHD



		BD-PRS and ER



		Limitations







		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Psychiatry

Risk Stratification for Bipolar
Disorder Using Polygenic Risk
Scores Among Young High-Risk
Adults





OPS/images/fpsyt-11-552532-g001.gif





OPS/images/fpsyt-11-552532-t001.jpg
Demographics  ADHD MDD ER Control
WN=117)  (N=45) (N=23)  (N=1,100)

Sex (%)
Female 41% 64.4% 65.2% 62.6%
Male 59% 35.6% 34.8% 37.4%

Age (years + SD) 27.21 +4.60 25.07 +£4.83 23.39+4.79 32.30 + 13.59

Control, healthy control; ADHD, attention deficit hyperactivity disorder; MDD, major
depressive disorder; ER, early recognition; SD, standard deviation.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





