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Abstract

We investigate how selection of psychiatric cases by phenotypic criteria can alter the strength
and specificity of their genetic risk by examining samples from national Swedish registries for
five disorders: major depression (MD, N/ = 158,557), drug use disorder (DUD, N/ = 69,841),
bipolar disorder (BD, NV =13,530)) ADHD (/N = 54,996) and schizophrenia (V= 11,227)). We
maximized the family genetic risk score (FGRS) for each disorder and then the specificity of the
FGRS in six disorder pairs by univariable and multivariable regression. We use split-half methods
to divide our cases for each disorder into deciles for prediction of genetic risk magnitude and
quintiles for prediction of specificity by FGRS differences between two disorders. We utilized
seven predictor groups: demography/sex, # registrations, site of diagnosis, severity, comorbidity,
treatment, and educational/social variables. The ratio of the FGRS in the upper vs two lower
deciles from our multivariable prediction model was, in order, DUD - 12.6, MD - 4.9, BD - 4.5,
ADHD - 3.3 and schizophrenia 1.4. From the lowest to highest quintile, our measures of genetic
specificity increased more than five-fold for i) MD vs. Anxiety Disorders, ii) MD vs BD, iii) MD
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versus alcohol use disorder (AUD), iv) BD vs schizophrenia and v) DUD vs AUD. This increase
was nearly two-fold for ADHD vs DUD. We conclude that the level of genetic liability for our
psychiatric disorders could be substantially enriched by selection of cases with our predictors.
Specificity of genetic risk could also be substantially impacted by these same predictors.

INTRODUCTION

The magnitude and specificity of genetic risk for psychiatric and substance use disorders

in a given population are generally considered to be fixed, an inherent feature of the
condition. We challenge these assumptions, demonstrating that criteria for case selection can
substantially influence both these key features of genetic liability.

This is not an entirely new idea. Familial/genetic risks for cases of major depression (MD),
bipolar disorder (BD), alcohol use disorder (AUD), drug use disorder (DUD), and ADHD
are greater in cases with an early onset, high levels of recurrence and/or a history of
hospitalization [1-7]. Risk for MD is higher in relatives of probands with melancholic
symptoms [8], while risk for schizophrenia (SZ) in relatives is lower in those exposed

to certain environmental risks [9]. In efforts to maximize the genetic signal for MD in a
genome wide association study, the CONVERGE study sampled only recurrent female cases
with hospital based care [10].

In this report, we initially examine, in the large Swedish national registers, a wide range of
predictors that influence genetic risk—as assessed by the family-genetic risk score (FGRS)
—for five representative disorders: MD, DUD, BD, ADHD and SZ. We explore the pattern
of predictors across these disorders in univariable analyses and then conduct multivariable
analyses, with a split-half design, to develop predictive models to maximize genetic risk.

Then, we examine, across six diverse pairs of disorders—MD and Anxiety Disorders (AD),
AUD and Drug Use Disorders (DUD), BD and SZ, DUD and AUD, and ADHD and DUD—
to determine how well predictors can maximize the specificity of the genetic risk for the
first versus second pair of disorders. For example, in first univariable and then multivariable
analyses, we develop selection criteria for MD cases to maximize the specificity of the
genetic risk for MD vs. BD.

METHODS

We collected information on individuals from Swedish population-based registers with
national coverage linking each person’s unique personal identification number which, to
preserve confidentiality, was replaced with a serial number by Statistics Sweden. We secured
ethical approval for this study from the Regional Ethical Review Board in Lund (No.
2008/409 and later amendments). Participant consent was not required.

We created five different datasets consisting of all individuals registered with any of the five
disorders: MD, DUD, BD, ADHD, and SZ. We restricted our samples to individuals born in
Sweden from 1972 and onwards to Swedish-born parents whom we could follow at least 7

years from their date of first registration. Since we have data until 2018-12-31, individuals
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had to be registered prior to 2011-12-31. For the SZ database, we extended our sample back
to 1950 to obtain an adequate sample size. Our MD database excluded all individuals with a
BD diagnosis [see appendix Tables 1 and 2 for further details].

Our datasets also included familial genetic risk scores (FGRS) for each disorder as a
dependent variable. The FGRS are calculated from morbidity risks for disorders in 1st —
5th degree relatives, controlling for cohabitation effects [see appendix Table 3] and thus
arise from phenotypes in extended relatives, not from molecular data. We standardize the
FGRS against the entire population. Thus, an FRGS of +0.50 indicates a genetic risk half a
standard deviation (SD) above the population mean.

Furthermore, in our datasets we included a range of predictors divided into 7 groups:
demography/sex, number of registrations, site of diagnosis, severity, comorbidity, treatment,
and educational and social variables [see appendix table 2 for their definitions and
descriptive results for these predictors in appendix Table 4]. To explore the pattern of
predictors for the FGRS across these disorders, we first performed univariable linear
regression models for all our predictors. We then split the samples randomly into a training
and a test set. A multivariable regression model was performed in the training set and then
was applied to the test set. We created a risk score based on the deciles of the predictions
in the test set and used it as a predictor variable. We evaluate the risk score by the r2 of the
model, the linear slope of the regression of deciles onto FGRS and the ratio of the FRGS
from the highest to the two lowest deciles.

Then, to examine the specificity of genetic risk, we created six different datasets with

the following pairs of disorders: MD and Anxiety Disorders (AD), MD and Alcohol Use
Disorders (AUD), MD and BD, BD and SZ, DUD and AUD, and ADHD and DUD. The
datasets consisted of all individuals registered with disorder 1 in the pair. Furthermore, we
censored individuals with an onset of disorder 2 prior to disorder 1. Otherwise, we used the
same restrictions and included the same predictors as described above. To explore how well
our set of predictors would maximize the specificity of the genetic risk, we first calculated
the difference between the two FGRSs in the pair (e.g., for the MD/AD dataset that included
individuals registered for MD, we calculated this signed difference: FGRSyp - FGRSAp).
Then we used this difference score as the dependent variable in a series of linear regression
models. We utilized the same approach as above for examining genetic risk, only now using
quintiles of the predictors in the evaluation of the multivariable model. We used SAS 9.4
software [11] for all analyses.

Maximizing genetic risk

As outlined in the top section of Table 1, the sample sizes of our diagnostic groups varied
from 11,227 for SZ to 158,557 for MD with mean follow-up periods ranging from 10 to 18
years. These groups displayed the expected sex ratio and the mean FGRS for the disorder
ranging from +0.35 for MD to +0.87 for ADHD.
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We examined up to 35 predictors of genetic risk for MD, DUD, BD, ADHD, and

SZ, organized into 7 groups: demography/sex, # registrations, site of diagnosis, severity,
comorbidity, treatment, and educational and social variables (Table 1). For each predictor,
we show the univariable beta estimate and the effect size (r2). The five strongest predictors
for each disorder are highlighted in red.

Of the many interesting features of these results, we note eight. First, sex is a modest
FGRS predictor with significantly higher FGRS in males for MD and BD and females
for DUD and ADHD. Second, early age at onset is modestly associated with increased
genetic risk for all disorders but is amongst the strongest predictors for SZ only. Third,
the number of registrations is amongst the five most robust predictors of all of our FGRS,
stronger for DUD, BD, and ADHD and weaker for MD and SZ. Fourth, site of diagnosis
significantly predicts genetic risk for all disorders except DUD, with the largest increase
seen for in-patient care for MD, BD, and SZ and for specialist out-patient care for ADHD.
Ascertainment for ADHD via stimulant prescription was associated with a moderately
higher ADHD FGRS. Fifth, for MD only, clinical severity was coded by ICD-10 and
modestly predicted higher FGRS.

Sixth, a range of comorbidities predicts a higher FGRS for MD, the strongest being AD
and ADHD. For DUD, the strongest effect by far was for criminal behavior (CB) followed
by ADHD, and AUD. For BD the strongest effect is for AD, the diagnosis of which was
associated with a reductionin FGRS. Similarly, for SZ, the strongest effect is for DUD
which has a negative effect on SZ FGRS. For ADHD, the effects of comorbidity were
generally weak, with modest increases in FGRS most associated with diagnoses of CB,
DUD, and SA.

Seventh, four treatment effects stood out as robust predictors: antidepressants for MD, mood
stabilizers and antipsychatics for BD and antipsychotics for SZ. Electroconvulsive therapy
(ECT) was weakly but significantly associated with genetic risk for MD.

Eighth, low school grades had a relatively strong impact on FGRS for DUD and ADHD,
with a weaker effect on MD. Community deprivation when growing up and/or at first
diagnosis were weakly and positively associated with genetic risk for all disorders examined.
Of note, this class of variables included three of the five strongest predictors of FGRS for
both SUD and ADHD.

Multivariable analyses and construction of aggregate risk scores

The multivariable analyses for our five disorders are seen in Appendix Table 5. As expected,
given considerable correlations among a number of our predictors, predictive effects for
most of the variables declined, often substantially. We fitted our multivariable model to a
random half of each of our patient samples and then took that model and fitted it to the
second random half, dividing each patient group into deciles by the resulting score.

The mean predicted FGRS by decile from our models for each of our disorders are seen in
Fig. 1, along with three measures of the predictive strength—the r2 of the model, the linear
slope of the regression of deciles onto FGRS score and the ratio of the FRGS from the
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highest to the two lowest deciles. The rise of mean FGRS is constant and relatively linear for
our common disorders—MD, DUD, and ADHD—but “noisier” for BD and especially SZ
where sample sizes were much smaller. Using the global index of the r? of the model, the
prediction of genetic risk was strongest for DUD, followed by ADHD, BD, MD and weakest
for SZ.

Maximizing specificity of risk

Table 2a, b provide an overview of the ability of our predictors to discriminate the FGRS
of six pairs of disorders. For all pairs, we examined all individuals with the first of the
disorders, seeking to maximize, with our predictors, the difference, in that sample, between
the FGRS for the first and second disorder. We worked through our findings for our first
pair—MD and AD—and review more briefly the remaining analyses.

The FGRS scores for MD and AD are relatively highly correlated in our sample (r =

+0.56) and the mean difference in their FGRS in MD patients was only 0.06, quite modest.
So, increasing specificity for the MD genetic signal was likely a difficult task. Of the 28
predictors examined in Table 2a, 14 nominally predicted MD-AD FGRS differences. Of the
five largest effects, three (for low school grades, deprivation growing up, and age at first
registration) predicted smaller FGRS differences, while two (number of registrations, and
year of birth) predicted larger differences. Receiving ECT or antidepressants increased the
MD-AD FGRS differences, while having diagnoses of OCD, AUD, DUD, and CB decreased
FGRS differences.

As seen in appendix Tables 6 and 7, we then performed a multivariable analysis of these
predictors, and obtained, in a random half, our best predictive formula which we examined
in the other half. As seen in Fig. 2, we indeed had a limited ability to separate, in MD
patients, their genetic risks for MD and AD. In the highest quintile, the absolute difference
in FGRS was only 0.14, and we could explain only 0.3% of the total variance in our model.
But our algorithm had some impact on risk specificity, as in our lower two quintiles, the
mean FGRS for MD and AD were virtually identical.

Turning to our next two models (MD vs BD and MD vs AUD), the correlations between
the FGRS for both pairs were much lower than between MD and AD and the mean FGRS
differences much larger. Therefore, it is reasonable to think that our specificity predictions
might be more successful. As seen in our univariable analyses in Table 2a, many more

of the predictors significantly differentiated genetic risks in the MD-BD and MD-AUD
pairings. For example, number of MD registrations predicted differences with the BD and
AUD FGRS much better than it did in the AD analyses. Comorbidities with DUD and CB
and poor school grades were particularly potent at predicting higher AUD FGRS in the
MD-AUD pairing. As expected, our predicted models for MD vs. DB and MD vs AUD
predicted more than twice and more than seven times the variance as our MD vs AD
analyses with considerably steeper slopes (Fig. 2).

For two of the final three models (BD vs SZ and ADHD vs DUD), the FGRSs for the two
disorders were moderate and mean differences between them substantial. The third—DUD
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vs AUD—resembled the AD-MD pairing as their FGRS correlations were relatively high
and mean FGRS differences modest.

The prediction of differences in the FGRS for BD and SZ in a cohort of BD patients was
relatively successful as, in the highest quintile, we found a quite large FGRS difference of
0.79 (0.66-93). Number of BD registrations, receipt of mood stabilizers and comorbidity
with AD were the strongest predictors. The predicted r2 was the second highest in our 6
analyses and the slope across quintiles was the steepest.

In the ADHD-DUD analyses, the r2 and slope were intermediate in value. The most unusual
feature was how large the ADHD and DUD FGRS differences were even in the lowest
quintile from our predictive model. But like the BD vs SZ model, the highest quintile
showed a much higher ADHD than DUD FGRS [0.84 (0.74-94)]. As expected, the pattern
of our DUD vs. AUD model resembled that found for our MD vs. AD analyses, with a
modest slope and r2 value.

DISCUSSION

While numerous prior studies have found clinical features associated with the level of
genetic risk in particular psychiatric disorders [1-9], we are the first, to our knowledge,
to examine systematically a diverse set of clinical indices in large epidemiological patient
cohorts, and from them develop predictive models. We use these models not only to try to
maximize genetic risk but also to increase the specificity of genetic risk.

Of the many findings in this manuscript, we focus on five. First, utilizing potential predictors
available in the Swedish registries, we developed a multivariate predictor score which

could meaningfully divide our clinical samples by level of genetic risk. Quantitatively, our
predictive ability varied across disorders being greatest for DUD and weakest for SZ. For
four of the five disorders examined, the mean FGRS in the upper decile was more than three
times that in the lowest two deciles, a level of “genetic enrichment” that could be actionable
for research purposes. The poor performance of our FGRS prediction for SZ was unexpected
and could not be explained only by its low prevalence, which was similar to that of BD.

Second, which classes of variables were most predictive of genetic risk across our five
disorders? Of the clinical features, number of registrations was overall the most predictive
of genetic risk followed by kinds of treatment and then site of diagnosis. Age at first
registration had weaker effects than was expected from the prior literature [1, 4, 6].
Comorbidities varied in their impact across disorders as would be expected from the
genetic correlations of the pairs of disorders considered. For example, an AD diagnosis
predicted MD FGRS because both are genetically closely related internalizing disorders
[12, 13]. A diagnosis of AUD predicted DUD and ADHD FGRS most likely because

all three of these disorders are externalizing syndromes which have shared genetic risks
[14-17]. We examined two genetically influenced non-psychiatric traits/conditions: CB and
low educational achievement. Consistent with prior studies that both are closely related

to externalizing psychopathology [16, 18-21] these variables were particularly predictive
of FGRS for DUD and ADHD. Finally, we included psychosocial deprivation which
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has a complex etiology including important social factors but can also arise from gene-
environment correlation [22] and was predictive of the FGRS for DUD, ADHD and SZ.

Third, the overall pattern of our results predicting specificity of genetic risk was consistent
with expectations. Predicting differences in genetic risk for pairs of disorders that—like

MD & AD and DUD & AUD—are quite closely genetically related is difficult because

few of variables examined strongly distinguished them. By contrast, for disorders with
modest shared genetic effects, like MD and AUD, a number of our variables could robustly
discriminate between the two FGRS. Contrary to the findings from molecular genetic studies
of a close genetic relationship between BD and SZ [21, 23, 24], we were able to differentiate
genetic risk for the two disorders with considerable success.

Fourth, it is noteworthy that despite similar prevalence, our ability to predict the FGRS

for SZ was much poorer than that observed for BD. The general pattern was clear—all of
the strong predictors for FGRSgp, including recurrence, treatment, site of diagnosis, and
comorbidities were predictive of FGRSsz, but consistently at considerably lower levels. This
was especially striking for frequency of recurrence which, in univariable analyses, predicted
more than seven times the variance in FGRSgp than FGRSgz. The variability in genetic risk
in our cohort of BD patients was much better indexed by our predictors than was the case
for SZ—suggesting, indirectly, that more of the clinical variability in SZ than in BD derives
from non-genetic sources.

Fifth, in what kinds of research designs would this information be especially helpful?
Most obviously, our findings could be particularly impactful for genetic designs seeking to
study cases enriched for genetic liability, an approach that already in use in genome-wise
association studies [10] based on much more limited data. Another design for which these
results would be based on the selection, for a range of possible comparisons, of subsets of
patients with MD, BD or SZ estimated to be at high versus low genetic risk.

Our findings should be considered in the context of three potential methodological
limitations. First, our results are specific to the population in Sweden and the associated
available health registry data. The degree to which these results replicate in other samples
needs to be empirically explored. Second, the validity of findings are dependent on the
quality of diagnoses in the Swedish national registries which for SZ and BD, have been
supported by validation of the hospital diagnoses [25] [26, 27], for MD and AD diagnoses
by their prevalence, sex ratio, correlations in relatives and associations with known
psychosocial risk factors [28-30] and for DUD and AUD by high rates of concordance
across ascertainment methods [31] [19] and patterns of resemblance in relatives [32, 33].

Third, the FGRS, a family phenotype-based method to assess quantitative genetic risk, has
been now widely published, [34-40] with prior reports demonstrating that this score is not
highly sensitive to the various assumptions involved in its calculation, that the correction
for cohabitation performs appropriately, and the method agrees well with other similar, but
statistically distinct, approaches [41].
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Conclusions

We sought in this paper to challenge the idea that the magnitude and specificity of the
genetic risk for a psychiatric disorder is an inherent feature of the condition and hence
largely independent of the method of ascertainment. Instead, we showed that the level

of genetic risk for five diverse psychiatric disorders could be substantially impacted by
selection on clinical features, treatment, site of diagnosis, comorbidity, and academic
achievement. Specificity of genetic risk could also be meaningfully impacted by these same
predictors, enabling researchers to select cases with considerably lower or high genetic risk
for other disorders. The magnitude and specificity of genetic risk for psychiatric illness can
differ substantially for subsets of cases depending on various selection criteria.
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Fig. 1. The relationship between the decile of Family-Genetic Risk Score (FGRS) from our
multivariable analyses (using a split-half training and test sample) predicting the strength of the
genetic risk for, respectively (from upper left to lower right) major depression (MD), drug use
disorder (DUD), bipolar disorder (BD), ADHD and schizophrenia (SZ).

The y-axis in each figure represents the mean FGRS (£95%Cls) for affected individuals in
each decile. The x-axis represents the decile of the score from our multivariable regression
predicting the strength of the genetic risk. The FGRS is a standardized measure of genetic
risk obtained from extended pedigrees so that an FGRS score of 1.0 reflects a mean

genetic risk of a set of affected individuals 1.0 SD above the population mean. Above

each graph, we present three figures that capture, in different ways, the predictive power of
our multivariable prediction formula: r2, the linear slope of the mean FGRS estimates across
the deciles, and the ratio of FGRS of the top decile divided by the two lower deciles.
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Fig. 2. The relationship between the quintile of the Family-Genetic Risk Score (FGRS) difference
from our multivariable analyses (using a split-half training and test sample) predicting the
difference in genetic risk for, the following six pairs of disorders (from upper left to lower right):
Major Depression vs. Anxiety Disorders (MD vs AD), Major Depression vs. Bipolar Disorder
(MD vs BD), Major Depression vs. Alcohol Use Disorder (MD vs. AUD), Bipolar Disorder vs
Schizophrenia (BD vs SZ), Drug Use Disorder vs. Alcohol Use Disorder (DUD vs AUD) and
ADHD vs. Drug Use Disorder.

In these comparisons, we examine individuals affected with the first of the pair of disorders
and predict clinical features that will maximize the difference in FGRS of the two disorders.
The y-axis in each figure represents the mean difference in the FGRS scores (+95%Cls)

for the two disorders. The x-axis represents the quintile of the score from our multivariable
regression predicting the differences in the genetic risk. Above each graph, we present two
figures that capture, in different ways, the predictive power of our multivariable prediction
formula: r2 and the linear slope of the mean FGRS estimates across the quintiles.
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