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Objective: ADHD is a prevalent and highly heritable mental disorder associated with significant impairment, morbidity and increased rates of mortality. This combination of high prevalence and high morbidity/mortality seen in ADHD and other mental disorders presents a challenge to natural- selection-based models of human evolution. Several hypotheses have been proposed in an attempt to resolve this apparent paradox. The aim of this study was to review the evidence for these hypotheses.

Methods: We conducted a systematic review of the literature on empirical investigations of natural-selection-based evolutionary accounts for ADHD in adherence with the PRISMA guideline. The PubMed, Embase, and PsycINFO databases were screened for relevant publications, by combining search terms covering evolution/selection with search terms covering ADHD.

Results: The search identified 790 records. Of these, 15 full-text articles were assessed for eligibility, and three were included in the review. Two of these reported on the evolution of the seven-repeat allele of the ADHD-associated dopamine receptor D4 gene, and one reported on the results of a simulation study of the effect of suggested ADHD-traits on group survival. The authors of the three studies interpreted their findings as favoring the notion that ADHD-traits may have been associated with increased fitness during human evolution. However, we argue that none of the three studies really tap into the core ADHD phenotype, and that their conclusions therefore lack validity for ADHD.

Conclusions: This review indicates that the natural-selection-based hypotheses for ADHD have not been subjected to empirical test and therefore remain entirely speculative. 
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Summations 
- The search conducted for our systematic review of empirical investigations of natural-selection-based evolutionary accounts for ADHD identified 790 records. Of these, 15 full-text articles were assessed for eligibility, and only three were included in the review.
- The authors of the three studies included in this review interpreted their findings as favoring the notion that ADHD-traits may have been associated with increased fitness during human evolution. However, we argue that none of the three studies really tap into the core ADHD phenotype, and that their conclusions therefore lack validity for ADHD.
- This review indicates that the natural-selection-based hypotheses for ADHD have not been subjected to empirical test and therefore remain entirely speculative. We suggest that this gap in knowledge should be addressed in future studies.

Considerations
- Publications relevant for this topic may have gone undetected in our search.
- It is noteworthy that there are more publications raising hypotheses for the evolutionary background for ADHD than there are studies testing them empirically.



























Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is a childhood-onset neurodevelopmental disorder with a prevalence of approximately 5% among children/adolescents (1). The syndrome is characterized by hyperactivity, inattention, and impulsiveness (2) causing significant burden on those affected, their families and society as a whole (3-6). Twin studies have shown that ADHD is among the most heritable mental disorders (7,8) with heritability estimates of 70-80% in both children and adults (9). 	Comment by Søren D. Østergaard: @Marthe: Please move this to reference 3-6 below.	Comment by Søren D. Østergaard: @Marthe: Please add this reference here: http://www.ncbi.nlm.nih.gov/pubmed/26017750

The fact that ADHD is highly impairing, highly heritable, and yet highly prevalent, presents a challenge to natural selection-based accounts of human evolution: If a mental disorder, such as ADHD, is so disabling and impairing, one would expect it to reduce the reproductive fitness of the individual affected by it so that the genetic variants responsible are selected out (10). In the face of this challenge a number of different explanations for the evolutionary persistence of ADHD have been proposed. Specifically, it has been suggested that while the ADHD may be maladaptive in the present environment, it has contributed to increased fitness in an ancestral environment allowing individuals to survive and pass on their genes (11,12). Examples of this so-called “mismatch theory”  (13) are outlined below.

The hunter-farmer theory
This theory, proposed by Hartmann (14), considers individuals with ADHD-traits as “hunters”.  In this context, inattention is described as the ability to constantly monitor a scene and notice changes in the environment. Similarly, hyperactivity is interpreted as being energetic and tireless. Finally, impulsivity is interpreted as flexibility, i.e. the ability to change strategy quickly and to start a chase on a moments notice. In contrast, Individuals without ADHD-traits are considered to have the virtues of “farmers”. 

The response-readiness theory
This theory, proposed by Jensen et al. (11), claims that ADHD-traits may be beneficial in environments characterized by rapid changes, external threats, and scarce food resources. Under such circumstances, attention deficit can be viewed as “vigilance”, which would be adaptive wherever humans are considered as prey or enemies. Similarly, impulsivity can be viewed as “response-readiness” (the ability to fight or flee), which is critical in the face of danger. Finally, in an impoverished environment, hyperactivity can be viewed as “exploratory behavior”, which is useful for identifying new food-sources in the surrounding area, or for migrating towards better habitats. This hypothesis for understanding the evolutionary development of ADHD is supported and developed further by several others (12,13,15,16). 

The wader theory
This model by Shelley-Tremblay and Rosen (17) is based on the “Aquatic Ape Theory” (18) and proposes that in the evolutionary transition of becoming bipedal toolmakers, wading to gather food along shorelines played an important role. Over the course of evolution, these “waders” lost significant body hair, as streamlining was advantageous when moving in water. With the loss of body hair, infants could no longer cling to their mothers for protection and breastfeeding, which is a primary survival mechanism in all other primate species. Shelley-Tremblay and Rosen suggest that wader-infants who were able to attract maternal attention would have an advantage, as they would be more likely to be breastfed. According to Shelley-Tremblay and Rosen, children with ADHD instigate more contacts with their mothers and hypervocalize, which could have mediated positive selection among the waders. 

The fighter theory
This theory, also proposed by Shelley-Tremblay and Rosen (17), suggests that ADHD-associated aggression (19-21) may have been advantageous for fighting and warfare in a potential  “genocidal” war between Homo Sapiens and the Neanderthals.

[bookmark: _Toc301120934]These evolutionary hypotheses seem somewhat speculative and certainly remain nothing but hypotheses until supported by empirical evidence. We therefore conducted a systematic review following the PRISMA guideline (22), in order to investigate to which extent the natural-selection-based accounts of ADHD have been investigated in empirical studies.
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Methods 
[bookmark: _Toc301779818]Search strategy
The following search, combining search terms covering evolution/selection/fitness with search terms covering ADHD/hyperkinetic disorder, was carried out in PubMed: ("Attention Deficit Disorder with Hyperactivity"[Mesh] OR attention deficit disorder with hyperactivity* OR attention deficit hyperactivity disorder* OR attention deficit disorder* OR adhd OR hyperkinetic disorder*) AND ("Biological Evolution"[Mesh] OR "biological evolution" OR evolution OR "Natural Selection" OR "Selection, Genetic"[Mesh] OR "genetic selection" OR "allostasis" OR "homeostasis" OR "Allostasis"[Mesh] OR "Homeostasis"[Mesh] OR "Adaptation, Biological"[Mesh] OR "Adaptation, Biological" OR "Genetic Fitness"[Mesh] OR "fitness" OR "Fertility"[Mesh] OR "fertility" OR "Mortality"[Mesh] OR "Mortality"). Equivalent searches were performed in Embase and PsycINFO. Searches of the three databases were conducted on June 11th, 2015. 
[bookmark: _Toc301779819]
Study selection 
Abstracts for the records identified by the database search were obtained and screened. Subsequently, the full-text versions of relevant records were assessed. The following inclusion- and exclusion criteria were employed throughout the study selection:

Inclusion criteria
· Focuses on ADHD or its subtypes
· Focuses specifically on evolution, natural selection, adaptation or fitness
· Is based on empirical testing of a natural-selection-based hypothesis

Exclusion criteria
· Not published in the English language
· [bookmark: _Toc301120935][bookmark: _Toc301779820]Published as dissertation, book chapter, or conference abstract  

Furthermore, the reference lists of the full-text articles included in the review were screened for eligible articles. 







Results
[bookmark: _Toc301779821]Study selection
The PRISMA flowchart (Figure 1) illustrates the screening of the literature. 

Insert Figure 1 approximately here

The searches in PubMed, Embase and PsycINFO identified a total of 892 titles, which were reduced to 790 after removal of duplicates. Fifteen abstracts were selected for full-text screening. Of these, three were found eligible for inclusion in the review. The screening of the reference lists of the included articles identified no further articles eligible for inclusion. The three included studies are described below:
[bookmark: _Toc301779823]
Ding et al. 2002. Evidence of positive selection acting at the human dopamine receptor D4 gene locus: Ding and colleagues (23) focused on the seven-repeat (7R) allele of the dopamine receptor D4 gene (DRD4), which has been associated with novelty seeking and ADHD in a number of studies (24-27). Specifically, Ding et al. analyzed DRD4 haplotypes stemming from cell-lines isolated from populations across the world. Calculations of the age of the various DRD4 alleles age based on intraallelic variation as well as allele frequencies suggested that the four-repeat (4R) allele is >300.000 years old and represents the human progenitor allele. In contrast, the 7R allele was estimated to be at least 5-10 fold “younger” (30.000-50.000 years old). According to Ding et al., the combination of the young age and relatively high frequency of the 7R allele frequency is highly indicative of positive selection (23). In their conclusion, Ding et al. ask “why an allele that seems to have undergone strong positive selection in human populations nevertheless is now disproportionately represented in individuals diagnosed with ADHD.” They speculate that “the very traits that may be selected for in individuals possessing a DRD4 7R allele may predispose behaviors that are deemed inappropriate in the typical classroom setting and hence diagnosed as ADHD“ (23) in accordance with the mismatch theory outlined in the introduction of this review. 

Wang et al. 2004. The genetic architecture of selection at the human dopamine receptor D4 (DRD4) gene locus: Wang and colleagues (Wang et al. 2004) pursued the findings made by Ding et al. (23). In order to test whether the proposed positive selection acted at the 7R DRD4 allele itself, rather than at an adjacent site, Wang et al. sequenced the DRD4 locus in 103 individuals of European, African, Asian, North and South American, and Pacific Island ancestry. The pattern of recombination suggested that the selection was indeed acting on the 7R allele. Furthermore, Wang et al. refined the age estimate of the 7R allele to be 40.000-50.000 years (prior to the upper Paleolithic era), coinciding with the last major out-of-Africa exodus (44.000-47.000 years ago) (28).  Based on these results, and current knowledge of the function of the DRD4 gene, Wang et al. summed up their paper with an evolutionary model as follows. The 7R DRD4 allele arose as a rare mutation approximately 40.000-50.000 years ago. Compared to the 4R version of the receptor, the 7R version has a significantly blunted response to dopamine (higher dopamine concentrations required to obtain same effect) (29,30). This altered sensitivity to dopamine is hypothesized to cause risk-taking, novelty seeking, and response-readiness, which have been sufficiently advantageous to explain a dramatic rise in the frequency of the 7R allele (positive selection) for the past 40.000-50.000 years, possibly initiated by an adaptive role in the out-of-Africa exodus. Furthermore, according to Wang et al. the 7R allele is likely to have been subjected to positive sexual selection (reproduction advantages) in polygynous societies (31). There is some support for this “sexual exuberance” hypothesis in the literature on ADHD (see the discussion).	Comment by Søren D. Østergaard: @Marthe: Her skal Wang referencen sættes ind. 
[bookmark: _Toc301779824]
Williams et al. 2006. The evolution of hyperactivity, impulsivity and cognitive diversity: Williams and Taylor (32) examined the impact of group diversity on fitness. Their key assumption was that “unpredictability” is a cardinal feature of individuals with ADHD, particularly for boys of the hyperactive/impulsive subtype. The main hypothesis of the study was that unpredictability, displayed by individuals, could be a major benefit for the fitness of a social group, and would consequently be subjected to positive selection at the group level. This hypothesis was tested in two computational simulation paradigms: “The changing food task” and “Evolutionary simulation”. 
The changing food task tests how groups of various compositions (in terms of the proportion of unpredictable individuals) would survive in environments with changing availability of food sources – of variable quality. In this paradigm, the group members could either die from malnutrition or from poisoning. The results showed that the group composed of 5% unpredictable individuals and 95% predictable individuals survived better than the three comparison groups (100% unpredictable individuals, 100% predictable individuals, and 25% unpredictable + 75% predictable individuals). The population with 100% unpredictable individuals was quickly reduced due to poisoning, while the population with 100% predictable individuals was diminished due to malnutrition. In the group composed of 5% unpredictable individuals and 95% predictable individuals, a balanced level of risk-taking (the willingness to test new food sources of unknown quality) resulted in low risks of both poisoning and malnutrition, and thus, led to the highest group survival. 
In the evolutionary simulation, population survival under fluctuating conditions was tested. Specifically, population size was estimated as a function of i) the rate of environmental change, and ii) the relationship between an individual’s unpredictability and the rate of reproduction. The results showed that a reproductive bias (selection) favoring the unpredictable individuals helped populations cope with rapid environmental change, without imposing major costs during periods of environmental stability. 
According to Williams and Taylor, the results of both the changing food task and the evolution simulation suggest that unpredictability (as a proxy for ADHD-like behavior) may have been subjected to positive selection during human evolution. 
























Discussion 
In this systematic review of the literature on empirical tests of evolutionary hypotheses for ADHD, we found only three relevant articles for inclusion after screening 790 abstracts. Two of these articles report results from genetic studies (23,31), and one reports a computational simulation study (32). The genetic studies by Ding et al. (23) and Wang et al. (31) find evidence for positive selection acting on the 7R allele of the DRD4 gene. They suggest that ADHD traits associated with the DRD4 7R allele have been adaptive during the evolution of man. The development of the 7R allele, roughly coincided with the latest out-of-Africa exodus, and both Ding et al. and Wang et al. speculate that this event may have played a critical role for the positive selection acting on the 7R allele. The computational study by Williams and Taylor (32) found that populations containing 5% unpredictable individuals, a proportion that matches the current prevalence of ADHD (1), have had better chances of surviving in ancestral environments characterized by changing conditions.

All three studies included in this review have limitations that have consequences for the extent to which their results can be considered as support for a natural-selection-based hypothesis for ADHD. Specifically, the studies by Ding and Wang rely on the assumption of a causal association between the 7R DRD4 allele and ADHD. However, far from all individuals with the 7R allele have ADHD, and not all individuals with ADHD have the 7R allele (Faraone et al. 2001, Li et al. 2006, Wu et al. 2012). The 7R was associated with ADHD in a meta-analysis of candidate gene studies (33), but the odds ratio was low (only 1.3). Furthermore, DRD4 has not yet been implicated by genome-wide association studies (34) and current thinking is that ADHD susceptibility is influenced by many common and rare variants (9). Similarly, the study by Williams et al. is based on the assumption that individuals with ADHD are unpredictable (32), which may be true in some, but certainly not in all cases. Furthermore, unpredictability is not part of the diagnostic criteria for ADHD and, to our knowledge there is not substantial evidence indicating that individuals with ADHD are more unpredictable than individuals without ADHD. However, there is a robust literature showing that people with ADHD show greater variability in some behavioral parameters, particularly reaction time (35). This suggests that people with ADHD may be less predictable if it were to generalize to a wide range of behaviors.   	Comment by Søren D. Østergaard: @Marthe: Please insert these in Vancouver style	Comment by Søren D. Østergaard: @Edmund: This was inserted by Steve. I think it is very fitting.

As outlined above, none of the studies investigating the natural-selection-based accounts of ADHD really tap into the core of ADHD. However, if we give the assumptions of the studies the benefit of the doubt, it is notable that their results are all compatible with the “response-readiness” hypothesis proposed by Jensen et al. (11), which was described briefly in the introduction. According to Jensen et al., the defining traits of ADHD (inattention, impulsivity and hyperactivity) are very likely to have been adaptive in ancestral (unsafe and resource depleted) environments, while they are predominantly maladaptive in modern (safe and resource rich) environments, hence the definition of ADHD as a mental disorder. This environmental mismatch is illustrated in Figure 2. 

Insert Figure 1 approximately here

However, according to Jensen et al., ADHD behavior today can also be considered as an adaptive response. Specifically, if a child is neglected by its parents, being vigilant, quick to pounce, or causing a stir in order to attract attention may be quite beneficial. This would correspond to a shift from right (safe/rich environment) to left (unsafe/depleted environment) on the ruler at the bottom of Figure 2. However, if these traits are stable, they go from being advantageous to disadvantageous if the environment changes permanently from unsafe/depleted to safe/rich. This hypothesis is compatible with findings made by the English and Romanian Adoptees (ERA) study team (36). These studies of adopted children subjected to early rearing in extremely deprived institutions in Romania, showed that ADHD traits, which may have been beneficial in the context of the institution, were highly prevalent and persistent, despite the radical change in environment represented by the adoption into English families offering above-average rearing circumstances (37-39). However, not all Romanian adoptees that were subjected to early adversity developed significant ADHD traits, which is indicative of differential susceptibility. This is in line with the findings from a series of gene-environment interaction studies, which suggest that ADHD behavior arises as a consequence of interaction between genetic risk (e.g. inferred by the DRD4 gene) and early adverse environmental exposures (40-44). 
[bookmark: _Toc301779828]
In their paper included in this review, Wang et al. raise the possibility that ADHD-related traits (such as risk-taking) may have been subjected to positive sexual selection (reproduction advantages) during evolution (31). There is some support for this hypothesis in the literature focusing on sexual behavior of individuals with ADHD or related traits. Based on results from a follow-up study, Barkley et al reported that hyperactive individuals were significantly younger at first sexual intercourse, had more sex partners, and were significantly more likely to have been involved in a pregnancy, compared to a community control group (45). Similarly, Flory and colleagues demonstrated that childhood ADHD predicted earlier initiation of sexual activity, more sexual partners, more casual sex, and more partner pregnancies (46). Finally, Sarver and colleagues showed that ADHD was associated with risky sexual behavior (as quantified by the Sexual Risk Behavior Scale (SRBS), primarily driven by “conduct problems” and “problematic use” of marijuana and alcohol (47). However, it remains unknown whether individuals with ADHD have more children compared to individuals without ADHD. A study providing such information would, along with the mortality estimates for ADHD (3-6), give an estimate of the current selection pressure on ADHD.

Future studies of evolutionary aspects of ADHD
This systematic review shows that the natural-selection-based accounts for ADHD have only been investigated to a very limited extent and that the link to ADHD in existing studies is less than optimal. Furthermore, we noticed that this research question has never been addressed by means of behavioral studies, which is somewhat paradoxical given that ADHD is a phenotype defined by behavior (2). Self-evidently, it is not possible to study the behavior of our forefathers in the controlled setting of a laboratory. However, turning this scenario upside down, it could be possible to test individuals displaying various degrees of ADHD-behavior under circumstances mimicking key features of an ancestral environment (rapidly changing, time critical and resource depleted) (11). If the environmental mismatch hypothesis suggested by Jensen et al. is correct, individuals with ADHD-traits should outperform individuals without such traits under these circumstances. However, studies using a computerized version of the Matching Familiar Figures Test have shown that children with ADHD do not outperform children without ADHD under time critical conditions (48). Based on this experience we speculate that a behavioral test paradigm aimed at demonstrating a functional superiority of ADHD, may have to tap into more than just one of the key features of the ancestral environment (rapidly changing, time critical and resource depleted) (11). Our group is currently designing such a test paradigm, which will be validated in the near future.

Why study natural-selection-based aspects of ADHD in the future?
Some may argue that studying the natural-selection-based aspects of ADHD is a mere “academic exercise”. However, as pointed out by Jensen et al.: “Understanding ADHD symptoms within the context of their adaptive functions is a promising alternative strategy for discovering and understanding gene-environment and brain-behavior interactions” (11). Furthermore, viewing ADHD from the natural selection perspective could potentially inform the design of new behavioral interventions that may improve the educational and vocational outcome of children with ADHD. Indeed, the classical version of classroom teaching, which requires sustained attention, suppression of impulses, and virtually no motor activity, seems almost tailor made not to fit individuals with ADHD. Furthermore, the behavioral interventions, which have been tested with the aim of improving outcome for school-aged children with ADHD (49,50) are typically based on modifications of the behavior of the children (or the parents’ behavior towards the children), and not on modifications of the school environment to fit the nature of the children. According to the environmental mismatch hypothesis, modifying the school environment (and not the children) may be a more meaningful approach. 

Conclusion
Knowing the natural-selection-based background for ADHD may lead to novel perspectives on both the etiology and the clinical management of the disorder. However, this review shows that the natural-selection-based hypotheses for ADHD have not been subjected to proper empirical testing and therefore remain entirely speculative. We suggest that this gap in knowledge should be addressed in future studies.

[bookmark: _Toc301120937][bookmark: _Toc301779831]
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