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Abstract

Endophenotypes are neurobiological markers cosegregating and associated with illness. These
biomarkers represent a promising strategy to dissect ADHD biological causes. This study was
aimed at contrasting the genetics of neuropsychological tasks for intelligence, attention, memory,
visual-motor skills, and executive function in children from multigenerational and extended
pedigrees that cluster ADHD in a genetic isolate. In a sample of 288 children and adolescents, 194
(67.4%) ADHD affected and 94 (32.6%) unaffected, a battery of neuropsychological tests was
utilized to assess the association between genetic transmission and the ADHD phenotype. We
found significant differences between affected and unaffected children in the WISC block design,
P1Q and FSIQ, continuous vigilance, and visual-motor skills, and these variables exhibited a
significant heritability. Given the association between these neuropsychological variables and
ADHD, and also the high genetic component underlying their transmission in the studied
pedigrees, we suggest that these variables be considered as potential cognitive endophenotypes
suitable as quantitative trait loci (QTLS) in future studies of linkage and association.
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Introduction

The neurobiological validity of attention-deficit/hyperactivity disorder (ADHD) (coded by
the Online Mendelian Inheritance in Man Catalogue, OMIM, as 143465) is strongly
supported by its genetic etiology and the association between structural and functional brain
abnormalities with ADHD symptoms (Castellanos and Tannock 2002). The ADHD
categorical classification, as defined by DSM-IV criteria, allowed us to define a fairly
accurate spectrum of ADHD subtypes and also its comorbidity with other psychiatric
conditions, i.e., oppositional defiant disorder (ODD), conduct disorder (CD), and substance
use disorder (SUD) (Palacio et al. 2004).

In pursuing the neurophysiological basis of the ADHD phenotype, the identification of
endophenotypes outlines a promising strategy to dissect ADHD biological causes.
Endophenotypes were originally defined and used in psychiatry based on a concept
introduced to explain insects’ evolution (Gottesman and Shields 1973). The operational
definition of endophenotype was determined by looking if: (1) the endophenotype is
associated with the disease in the population; (2) it is heritable; (3) it is primarily state-
independent; (4) the endophenotype and the disease cosegregate within families; and (5) the
endophenotype in affected family members is found in unaffected members at a higher rate
than in the general population (Gottesman and Shields 1973; Gottesman and Gould 2003).

Several studies have proposed traits that might determine the operational criteria outlining
endophenotypes associated with ADHD, for instance, the deregulation of executive and
inhibitory brain mechanisms, stress aversion, novelty seeking, unexpected reward responses,
working memory dysfunction, and personal time perception with poor fitness to real
chronometry and wait aversion (Castellanos and Tannock 2002). Additionally, cognitive
effort and continuous vigilance have been considered as vulnerability traits underlying
ADHD symptoms (Castellanos and Tannock 2002). Following this approach, the evaluation
of candidate neuropsychological ADHD endophenotypes as quantitative trait loci revealed
two significant genome-wide linkage signals on chromosome 2g21.1 (LOD score: 3.944) for
motor timing and on 13g12.11 (LOD score: 3.959) for Digit Span (Rommelse et al. 2008).
Additional suggestive linkage signals have been reported for chromosomes 2p, 24, 3p, 34,
4q, 8q, 12p, 12q, 14q, 17q, and 22q (Doyle et al. 2008; Rommelse et al. 2008).

The purpose of this study was to contrast neuropsychological tasks for intelligence,
attention, memory, visual-motor skills, and executive function against the operational
criteria that define endophenotypes in 6-16-year-old children, boys and girls, from 141
multigenerational families clustering ADHD from a genetic isolate to test the hypothesis that
some of these neuropsychological tasks accomplish with operational criteria of
endophenotypes. If that is the case, this analysis will be able to define new potential
neurobiological markers suitable for increasing the power to detect ADHD susceptibility
loci.
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Methods

Subjects and determination of eligibility procedures

The sample was selected from Paisa families inhabiting the Medellin metropolitan area of
the State of Antioquia, Colombia. The families were required to have Paisa descent for more
than two generations and more than two members affected with ADHD. Paisa descent was
defined as having all four grandparents originating from the Paisa region of Colombia, i.e.,
from the former State of Viejo Caldas. Initial coded pedigrees were obtained through a fixed
sampling scheme from a parent or grandparent of an index proband after having provided
written informed consent, as approved by the University of Antioquia Ethics Committee.
The pedigrees were individually reviewed to minimize the confounding effects of bilineal
transmission of ADHD. Bilineality was defined by the presumptive diagnosis of ADHD in
both parents based on the informant’s reports of childhood symptoms and/or of academic,
occupational, or legal impairment, including alcoholism and related consequences. Because
we assumed incomplete penetrance, particularly in women, we also imputed the presence of
genotypic ADHD in parents or grandparents when two or more full siblings were reported to
meet the same symptom or impairment profiles (Palacio et al. 2004). Full pedigrees
identified as bilineal were excluded from further study. Pedigrees that contained bilineal
branches during the selection phase were “pruned” to preserve the presumptively unilineal
branches. Individuals in the selected families were then invited to participate in the current
study. The first phase of the study consisted of obtaining pedigrees with provisional
diagnoses and was conducted under the auspices and supervision of the University of
Antioquia Ethics Committee. The Ethics Committee also approved a subsequent
collaboration with investigators from the US National Institutes of Health (NIH). The
proposal to conduct this study (Protocol 00-HG-0058) was jointly approved by the
Institutional Review Board of the National Human Genome Research Institute (NHGRI,
NIH) and the University of Antioquia Ethics Committee (Palacio et al. 2004). Informed
consent documents were translated into Spanish for use in Colombia and reverse translated
into English for institutional review board examination. All adult participants provided
written informed consent. Parents of participating minors provided written informed consent
and minors aged 6 years and older who could write also provided signed assent. Additional
information regarding the process of determining eligibility for study participation can be
reviewed elsewhere (Palacio et al. 2004).

Instruments

Structured psychiatric interview—The diagnostic interview for children and
adolescents-revised-parent version was used to conduct the structured interview [DICA-1V-
P, Spanish version translated during the development of this study with permission from
Reich (2000)]. Parents of all selected children underwent a fully structured psychiatric
interview regarding their offspring. This instrument has an acceptable inter-rater kappa
coefficient ranging from 0.5 to 1. Internal consistency and test—retest reliability have been
calculated independently for each disorder and previously reported elsewhere (Fristad et al.
1998; Rubio-Stipec et al. 1999; Palacio et al. 2004; Quintana et al. 2004, 2007; Renou et al.
2004).
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Structured psychiatric interviews were conducted by one psychologist, one
neuropsychologist, or two general psychiatrists, either at the Neurosciences Clinic of the
University of Antioquia, Medellin, Colombia, or during home visits to the families. The
interviewers, who were blind to the participants’ presumptive diagnoses, had been trained by
a child and adolescent psychiatrist using a videotaped interview, theoretical discussions, and
a 30-h tutorial controlled training. After this training, interviewers followed the
administration of interviews by an expert psychiatrist during 60 additional hours, and their
administered interviews were supervised for an additional 30 h. In addition, the psychiatric
team discussed all completed protocols to define the accuracy of the responses given by the
participants’ parents and teachers. Training was done until inter-rater kappa coefficients
>0.7 were achieved for disruptive behavioral disorders, major depression, bipolar disorder,
pervasive disorders, schizophrenia, obsessive compulsive diagnosis, and SUD (Palacio et al.
2004). A consistency score was estimated for each interview using a scale from 1
(unreliable) to 10 (fully reliable), in keeping with the concordance between two questions
tied to each DSM-1V symptom, and also according to the agreement between the structured
interview, the known participant’s behavior, and the information given by other members of
the family. Only interviews with a reliability score =6 were considered for the final analyses.

Neuropsychological tests—The Wechsler intelligence scale for children-revised
(WISC-R) (Wechsler 1974) was used to determine intelligence. The short form included: (1)
similarities and vocabulary to estimate the verbal intelligence quotient (VIQ) and (2) picture
completion and block design to estimate the performance intelligence quotient (P1Q). The
full-scale intelligence quotient (FSIQ) was obtained using standardized tables according to
the instrument’s instruction manual.

The mental control of the Wechsler memory scale (MC-WMS) (Wechsler 1949) was used to
assess sustained attention and mental effort. This task has three items that must be
performed as fast as possible: (1) count backward from 20 to 1; (2) recite the alphabet; and
(3) count by three from 1 to 40. The Spanish version of this test has been validated by our
group in both children and adult samples (Pineda et al. 1999, 2007; Ostrosky-Solis et al.
2007).

The < A > cancelation and vigilance test (A-CVT) is generally used to assess sustained
attention (Matier et al. 1994). It consists of a set of 60 random letters distributed on paper.
Letters are presented orally and subjects respond by knocking on the table with the dominant
hand, when they hear the letter << A >>. Correct responses and errors (omissions and
additions) are scored. It has been used as a continuous performance test for Spanish
speaking adults and children (Pineda et al. 1999, 2007; Ostrosky-Solis et al. 2007).

The visual-verbal learning curve (VVLC) includes ten common objects (e.g., tree, trousers,
chair, pencil, watch, etc.) that are drawn on a card and are visually and orally presented to
the subject. The card is turned face down, and the participant tries to recall the name of the
objects. Visual-verbal span, maximum score, number of trials to obtain the maximum score,
and delayed recall 20 min later are scored (Pineda et al. 1999, 2007).
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The Rey-Osterrieth complex figure test (ROCFT) (Rey 1941, 1994; Osterrieth 1944) is
administered and scored by copy and by immediate memory recall (Lezak 1994). This task
has been standardized for Colombian children and adolescents to evaluate visual-motor
skills (Pineda et al. 1999).

Language comprehension: A short version of the Token Test with 36 items of increasing
complexity (De Renzi and Faglioni 1978) was administered as a test of comprehension of
instructions. Normative data are available for Spanish speakers.

Language Fluency: The Verbal Fluency test, with both phonologic (/f/,/a/,/s/) and semantic
(animals and fruits) elements, measures the number of words produced in a given category
during 1 min. This test has been considered either as a language denominative test, given its
semantic component, or as an executive function test, due to its phonologic categorization
component. Colombian norms are available (Pineda et al. 2007).

The Wisconsin Card Sorting Test-Abbreviated Version (WCST-A) is derived from the
standard version (Heaton 1981). The WCST-A eliminates the ambiguous cards using only
two sets of 24 non-ambiguous cards, which improves administration time. This task is used
to assess executive function and has been standardized for Colombian children and
adolescents (Pineda et al. 1999, 2007).

The set of neuropsychological tasks was administered to all selected children and
adolescents in two sessions of approximately 45 min. As mentioned above, all tasks have
been previously validated for Colombian ADHD and normal children and adolescents to
assess their intelligence, attention, memory, visual-motor skills, and executive function
(Pineda et al. 1999, 2007). The purpose of this cognitive assessment was to: (1) detect low
intellectual capacity and (2) screen for cognitive deficiencies in ADHD children and
adolescents.

Statistical procedures

Frequencies and proportions were estimated for categorical variables. Means and standard
deviations were calculated for continuous variables. Categorical variables were compared
using the chi-square test. Continuous variables meeting the assumptions of normality and
homogeneity of variance were compared using the t test for independent samples; otherwise,
they were tested using the non-parametric Mann-Whitney U test. Normality and
homogeneity of variance were tested with the Shapiro-Wilk and the Bartlett tests,
respectively. Cohen’s d effect size of non-overlapped data was estimated for all variables
using pooled variances. To explore cognitive variables as ADHD predictors, a generalized
linear model (GLM) with a binomial link was used. Fitting of the best model was conducted
by a stepwise procedure. A receiver operating characteristic (ROC) curve was built to
determine its accuracy. Statistical analyses were performed with R 2.8.0 patch (http://
www.R-project.org). The ROC curve was drawn using the Iroc function in the epicalc
package (http://cran.r-project.org/web/packages/epicalc/index.html).

To estimate heritability of continuous variables, we used the ASSOC module in the software
package S.A.G.E. (Elston and Gray-McGuire 2004). ASSOC evaluates the association
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between a continuous trait and one or more covariates from extended pedigree data in the
presence of familial correlations, simultaneously estimating familial variance components
(and hence familial correlations and heritability) (Elston and Gray-McGuire 2004).
Heritability is defined as the intraclass correlation in the case of the polygenic variance.
Because of the multigenerational and extended structure of these pedigrees, an individual
may belong to several different nuclear families. In these situations, the person will also
have more than one distinct family effect. ASSOC estimates parameters by maximum
likelihood, assuming that parameters follow multivariate normality (Elston and Gray-
McGuire 2004).

The original sample consisted of 1,077 family members, 725 (67.3%) adults (17-year-old
and older) and 352 (32.7%) children and adolescents (6—16-years-old), from 141 nuclear and
multigenerational families (126 nuclear and 15 extended and multigenerational families) of
the Paisa genetic isolate (Arcos-Burgos and Muenke 2002). From the children and
adolescents, 336 young subjects were sampled, 228 affected and 108 unaffected by ADHD.
From the 352 individuals, 16 were excluded; 10 of them had a diagnosis of probably
affected by ADHD as defined in Palacio et al. (2004) and 6 of them because their clinical
information was incomplete. A FSIQ was administered in the sample of 336 young subjects
remaining in the study. Only children and adolescents with FSIQ =81 and with regular
school grades corresponding to their age were included. Even though the DSM-IV sets the
IQ for mental retardation at 70, we selected stringent criteria to exclude participants
potentially affected by generalized learning disabilities. After applying exclusion criteria, a
final sample of 288 children and adolescents, 194 (67.4%) ADHD affected and 94 (32.6%)
ADHD unaffected, were accepted into the study. The proportion of excluded children and
adolescents with a low FSIQ (<80) and academic problems was not statistically different
between affected and unaffected children, 34/228 (14.9%) and 14/108 (13.0%), respectively
(OR =1.17, 95% CI: 0.6-2.3, chi-square = 0.2274, P = 0.633). We found significant
differences between ADHD affected and unaffected individuals on demographic covariates:
sex (P < 0.00001), age (P < 0.0001), and school grade (P < 0.0001) (see Table 1).

In order to control for age, sex, and school grade effects, both the t test and Mann-
Whitney’s U test were applied to residuals of the linear model y; = /i + f1isex + fiage+
Bischgra + g, & ~ N0, 0), where y; is the cognitive variable i, schgra is the school grade,
and g is the random error. Significance level for all tests was set at a = 0.05.

Significant differences between ADHD affected and unaffected children were found for
cognitive variables of intelligence, e.g., WISC-R block design (P < 0.01), PIQ (P < 0.05),
and FSIQ (P < 0.05); variables measuring attention, e.g., A-CVT correct responses (P <
0.05), A-CVT omissions (P < 0.05), and A-CVT total errors (P < 0.05); and a variable
measuring visual-motor abilities, e.g., ROCFT copy (P < 0.05) (see Table 2).

Genetic effects and hereditary transmission, as measured by the heritability parameter, were
significant for variables related to intellect performance (intelligence measures), e.g., WISC-
R. Only the verbal subtest of similarities had no significant heritability (0.18, P > 0.05). As a
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trend, most of the cognitive measures had significant heritability with the exception of: the
verbal memory span (0.18) (a variable related to immediate memory or verbal working
memory), the memory organization index (0.16), the ROCFT memory time (a variable
related to visual-motor information recall speed), the phonological verbal fluency (a variable
related to word controlled performance), and the token test (a variable related to verbal
comprehension) (see Table 2).

Simultaneous associations with the diagnosis of ADHD and significant genetic effects and
hereditary transmission (significant heritability) were observed for the WISC-R block
design, PIQ and FSIQ, A-CVT correct responses, A-CVT omissions, and ROCFT copy (see
Table 2).

Generalized linear model

Coefficients for the GLM are presented in Table 3, and its AUC is 86.2%. Figures 1 and 2
present the ROC curve and cutoff/sensitivity/specificity analyses, respectively. The
estimated cutoff is 0.2759. At this value, the sensitivity is 80.7% and the specificity 81.4%.
The prediction model is given by the equations:

log(#/(1-#)=Bo+Y_._ B

where ,38 is the intercept term and ,&,Ai =1,...8, is the estimated regression coefficient for
every variable included in the model (see Table 3). Two of the variables associated with
ADHD and exhibiting significant genetic transmission, e.g., the WISC-R block design and
the ROCFT copy, had significant weight in this model.

Discussion

Psychometric procedures have adopted dimension and factor theories, as the strongest
explanation of behavioral and cognitive skills. This model assumes that behavior and
cognition are complex constructs of several integrated independent activities immersed into
independent dimensions (Clark et al. 2000, 2002; Rosselli et al. 2001). In other words,
cognition depends on specific activation patterns of different brain areas (“modules”
associated with specific “dimensions™), each one making its own contribution to the whole
system. Impairment of these modules would be responsible for specific neuropsychological
disorders (Tannock 1998; Ardila and Bernal 2007). Functional brain images provided
evidence for this type of modular structure, i.e., the same brain area may be potentially
involved in different types of cognition (Cabeza and Nyberg 2000).

While looking for cognitive measures associated with ADHD deficiencies, several authors
reported that children with ADHD perform lower than controls on tasks assessing
continuous vigilance, processing speed, verbal learning and memory, working memory,
phonological awareness, and executive function (Riccio et al. 1994; Denckla 1996a, b;
Pineda et al. 2007). A meta-analysis in this field of research found that P1Q, as a measure of
fluid intelligence, could be an important cognitive deficiency underlying the ADHD
phenotype in children and adolescents (Frazier et al. 2004). Other authors found that
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inhibitory control had substantial sensitivity and specificity when predicting ADHD (Fischer
et al. 2005; Lijffijt et al. 2005), while executive function measured by the WCST, the stop
signal test, and working memory tasks strongly correlate with cognitive characteristics of
ADHD patients (Seidman et al. 2005; Willcutt et al. 2005).

In this study, we report significant differences between ADHD affected and unaffected
children in measures of WISC block design (as measures of conceptual, categorizational,
and flexibility skills related to executive function), PIQ and FSIQ (related to intellectual
capacity and fluid intelligence), continuous vigilance (A-CVT), and visual-motor skills
(ROCFT copy). These variables also exhibit significant heritability, making them suitable
measures to be considered as potential cognitive endophenotypes. Effect sizes of these
significant and highly heritable variables oscillated between small and medium suggesting
that bigger samples sizes will be needed in future genetic studies.

By comparing ADHD affected with unaffected siblings, others have reported significantly
lower scores of ADHD children on tasks measuring dimensions of attention (continuous
vigilance and cognitive effort), visual-motor skills, executive function (categorization,
flexibility, and inhibitory control), and processing speed (reaction times) (Faraone et al.
1993; Seidman et al. 2000). These findings are consistent with some of the results of our
study, e.g., the ADHD group had lower scores on variables measuring cognitive effort,
continuous auditory vigilance, visual-motor skills, and performance speed.

In our families, we find significant statistical differences on P1Q and FSIQ, when comparing
ADHD affected with unaffected children. These differences could be caused by the lower
score on the block design task obtained by ADHD children, even though the effect size over
a wide range of related variables is moderate, which might be indicating overlapping of both
groups. Similar results were reported by other authors, who found that ADHD children had
significantly lower FSIQ than unaffected siblings and that unaffected siblings of ADHD
children had significantly lower FSIQ than unrelated healthy controls (Faraone et al. 1993;
Seidman et al. 2000).

Significant coefficients of heritability (0.42-0.58) were found for categorization, planning,
and flexibility abilities, as measured by the WCST. These cognitive functions have been
reported by recent studies of linkage as efficient QTLs during genetic mapping (Doyle et al.
2008; Rommelse et al. 2008). It is worth mentioning that our study found that the same set
of variables exhibited significant genetic effects, but we were unable to discriminate
between ADHD children and controls.

Finally, independent of the discussion regarding cognitive impairment as related to: (1)
intellectual capacity, (2) continuous vigilance, (3) cognitive effort, (4) planning and flexible
abilities, and (5) inhibitory control skills, it is necessary to discuss fundamental aspects of
these tasks that were conceived to assess brain damage and not to discriminate mild
disabilities, mostly present in ADHD children (Willcutt et al. 2005). This could explain why
the WISC, PI1Q and FSIQ, and block design tests, originally conceived to evaluate a
normally distributed parameter (intellectual performance), exhibit significant power to
discriminate between ADHD affected and unaffected individuals.
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Future studies involving this set of families will include screening of cognitive
endophenotypes for parents and other adult siblings. Our next plan is to use these continuous
variables with some of the operational criteria to be considered as potential cognitive
endophenotypes in future genetic analyses of association and linkage.

Limitations

The results must be interpreted with caution as provisional findings since they are only
screening gross information about the cognitive characteristics of ADHD family members
with linkage to several ADHD vulnerability loci.
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ROC curve for the binomial GLM to predict ADHD status using cognitive variables as

covariates
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Sensitivity and specificity versus cutoff for the fitted GLM predicting ADHD status using

age, sex, school grade, and cognitive variables as covariates
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Table 3

Coefficients for the generalized linear model (GLM)—stage 11

Coefficient Estimate Standard error zvalue Pr(>|2)
(Intercept) -14.678 4.220 -3.478  0.000505***
Sex (female) 2272 0512 4436 9.17 x 1076x**
WISC

Block design 0.214 0.083 2.568 0.010219*
ACVT correct response 0.251 0.162 1549 0.121401
ROCFT

Copy time -0.008 0.004 -1.854 0.06376
ROCFT

Copy 0.091 0.041 2.234  0.025483*
ROCFT

Memory time 0.007  0.004 1616 0.106129
Semantic total

Verbal fluency -0.081 0.044 -1.847 0.064698
Token test 0.227 0.127 1.787 0.073991

Significance codes: 0 “***” 0.001 “*** 0.01 “** 0.05 “.” 0.1 *’ 1; Null deviance: 184.34 on 156 degrees of freedom; Residual deviance: 124.65 on
148 degrees of freedom; AIC: 142.65; Number of Fisher Scoring iterations: 6
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