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Genetic Influences on Spatial Ability: Transmission 
in an Extended Kindred 
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Transmission o f  six spatial tests, Card Rotations, Cube Comparisons, 
Group Embedded Figures, Hidden Patterns, Mental Rotations, and por- 
table Rod and Frame, is examined among 73 members in four generations 
o f  an extended kindred. Nonadditive genetic variance is substantial for 
one o f  the six tests, Card Rotations. Whether this nonadditive genetic 
variance is due to a major autosomal gene is equivocal based on results 
f rom segregation and linkage analysis. There is no evidence for genetic 
variance for Mental Rotations or Hidden Patterns, in contrast to previous 
findings suggesting major gene involvement (Ashton et al., 1979). I f  spa- 
tial ability is due, in part, to an autosomal major gene, the gene has 
variable expression (reflected in different tests) or genetic heterogeneity 
is pronounced. 
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INTRODUCTION 

Spatial ability has been the focus of numerous behavior genetic studies 
of cognition. Despite intense investigation, debate continues as to whether 
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a single major gene is involved in transmission of certain spatial skills. 
O'Connor (1943) first proposed X-linked recessive inheritance for spatial 
ability, with high ability recessive to low ability. Early studies (Corah, 
1965) tested the X-linked model by comparing patterns of familial cor- 
relations (mother-son, mother-daughter, father-son, father-daughter) 
with those expected under the model. While patterns were consistent with 
X-linked inheritance in a few early studies, (for review, see Vandenberg, 
1979), sample sizes were small and later investigations using large samples 
failed to replicate these findings (Loehlin et al., 1978; DeFries et al., 1979). 
Jardine and Martin (1984) used pedigree analysis in twin families to test 
for X-linked genes in spatial ability and found no evidence supporting X- 
linked inheritance. 

Given a lack of support for X linkage, polygenic or multifactorial 
inheritance is often invoked to explain genetic variation in spatial ability. 
However, Aston and colleagues (1979) found segregation patterns among 
1260 families in the Hawaii Family Study of Cognition consistent with a 
major autosomal gene for three of six spatial tests. Although the spatial 
scores were adjusted for significant skewness, kurtosis was not adjusted 
and the extent to which deviations from normality in this moment influ- 
enced their findings was unclear. Simulation studies have shown that 
deviations from normality of third and fourth moments about the mean 
can lead to false detection of a major gene (Eaves, 1983). 

In the present investigation we examine genetic influences on spatial 
ability, adjusted for significant skewness and kurtosis, in four generations 
of an extended kindred. The rationale for using this sampling design 
is twofold. First, genetic heterogeneity is reduced in a single family 
compared to large numbers of nuclear families. Identification of a major 
gene, if present, will be less confounded by alternative etiologies (e.g., 
phenocopies, other modes of transmission). Second, multigeneration 
kindreds are more informative than two generation families in linkage 
investigations (Elston and Bonney, 1984). 

MATERIALS AND METHODS 

Subjects 

The sample consists of 73 members (32 males and 41 females) in four 
generations stemming from one pair of original parents. The kindred was 
originally ascertained by two of the authors (A.T. and M.A.S.) because 
of its size and availability for study as part of an ongoing investigation of 
marker by marker linkage in humans. The kindred is European derived 
and split geographically into two regions of the United States. The larger 
fraction resides in a rural community in Ohio and the smaller fraction 
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resides in a large urban setting in California. The family structure of the 
73 subjects, with addi'~ional connecting family members, is shown in Fig. 
1. As indicated in the figure, virtually all subjects are from generations 
II, III, and IV, with numbers totaling 20, 29, and 22, respectively. There 
is one pair of monozygotic female twins in generation IV. Subjects mea- 
sured on at least one cognitive test are denoted by a shaded symbol in 
Fig. 1. 

Measures 

Subjects 12 years of age and older were administered a battery of 
cognitive tests measuring three areas of cognitive functioning, spatial abil- 
ity, perceptual speed, and memory. The 12 paper-and-pencil cognitive 
tests were administered in two 1-h sessions (separated by a short break) 
to groups of 10-15 individuals. Two of these tests (GEF and HP) are 
measures of field dependence/independence. Each requires the subject 
to identify a simple pattern among complex designs. Three tests, CC, CR, 
and MR, are measures of spatial orientation, the ability to "perceive spa- 
tial patterns or to maintain orientation with respect to objects in space" 
(Ekstrom et al., 1976, p. 149). Each requires the subject to rotate an object 
mentally (a geometric figure--CR, a cube--CC,  or a complex b lock- -  
MR) and identify it among several alternative figures. The tests and order 
of administration are shown in Table I. Testing was done by two of the 
authors (A.T. and S.S.) and a clinical psychologist trained in test admin- 
istration, Dr. Vivian Clemins. 

All subjects 8 years of age and older were individually measured on 
the portable Rod and Frame (Oltman, 1968), a measure of field depen- 
dence/independence. The task consists of a series of trials where subjects 
adjust a tilted rod to a vertical position within a distracting tilted frame. 
A subject is considered more field dependent the larger the score. 

Subjects were measured on 24 blood markers, red-cell antigens, and 
serum enzymes [ABO, ACP1, ADA, AK1, AMY2, BF, CHE2, ESD, FY, 
GALT, GC, GPT, HP, IGHG(GM), JK, KEL, LE, MNS, P1, PGD, 
PGMI, PGP, RH, and XG]. Autosomal blood markers were typed by 
R.S.S.,  and W.J.J. performed XG typing. Subjects were also measured 
on PTC tasting ability (Harris and Kalmus, 1949) and dermatoglyphics 
(Holt, 1968). 

are 

Methods 

Analysis of the spatial data consists of five stages. First, raw scores 
age and sex adjusted using the following procedure. Scores are 
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Table I. Cognitive Paper-and-Pencil Tests and Order of Administration 

Test (abbreviation) Order of presentation 

First hour of testing 
Auditory Number Span (ANS) a 
Card Rotations (CR) a'b 
Cube Comparisons (CC) a'b 
Finding A's  (FAS) ~ 
Hidden Patterns (HP) a'b 
Number Comparisons (NC) a 
Visual Memory Immediate (VMI) c 
Visual Memory Delayed (VMD) c 

Second hour of testing 
Group Embedded Figures (GEF) d 
Identical Pictures (IP) a 
Mental Rotations (MR) b'd 
Picture Number (PN) a 

a Source: Education Testing Service, (Ekstrom et  al. ,  1976). 
b Spatial test. 
c Source: Wilson and Vandenberg (1977). 
d Source: Shepard and Metzler (1971); Vandenberg and Kuse (1978). 

"smoothed"  using a median smoothing technique to minimize the effects 
of outliers on defining age by trait relationships (Tukey, 1977). The pro- 
cess consists of taking running medians of a variable, Y (spatial test), 
ordered by values in a variable, X (age). An age function within sex group- 
ings for the smoothed scores is defined using a polynomial regression 
(BMDP5R) or by fitting two linear regressions defined in two age group- 
ings (BMDP1R). These age functions are then used to define residual 
scores from the original (raw) scores. These age- and sex-adjusted residual 
scores are used in subsequent analyses. 

Second, age- and sex-adjusted scores are transformed if skewness or 
kurtosis is significantly different from that expected under a normal dis- 
tribution. Since skewness and/or kurtosis can lead to false detection of a 
major gene (Eaves, 1983), we transformed age- and sex-adjusted scores 
to reduce both third and fourth moments if either differed significantly 
from that expected under a normal distribution. We fit a series of power 
and logarithmic transformations and chose the transformation which re- 
sulted in skewness closest to zero while keeping kurtosis close to its 
expected value. All scores are standardized to a mean of zero and variance 
of one for analyses. 

Third, a components-of-variance model for pedigree data (Lange et 
al. ,  1976) is used to test the null hypothesis o f " n o  genetic variation" and 
to estimate genetic and environmental variance comonents. Under the 
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model, variation in spatial test performance is due to additive gene effects, 
VA, nonadditive genetic variance, VD, and nonfamilial environmental 
variance, VE. We use the notation VA and VD to represent familial vari- 
ance. VA reflects additive genetic and/or shared environment of relatives 
other than siblings, while VD reflects nonadditive genetic and shared sib- 
ling environmental variance. Vz reflects nonfamilial variance. A test of 
the null hypothesis is done by comparing the likelihood of the data under 
the full model (where VA, VD, and VE are present) with the likelihood 
under the restricted model (VA = VD = 0). Whether such genetic variance 
is due to a major gene or polygenes is tested in the fourth stage of analysis. 

The presence of a major gene is tested by comparing the fit of the 
kindred spatial score data under a mixed genetic model (major gene and 
polygenes present) with a restricted model of polygenes alone. A model 
which includes both major gene and polygenes was developed by Morton 
and MacLean (1974). Under the model, a trait " X "  results from the joint, 
additive, unobservable contributions of a major transmissible effect (g), 
a multifactorial component (c), and a random nontransmissible compo- 
nent (e). The major effect results from segregation at a single autosomal 
locus with two alleles, A, and a, and genotypes, AA, Aa, and aa. 

Segregation at the major locus is specified by the gene frequencies, 
genotype frequencies, and transmission probabilities (Elston and Stewart, 
1971). Transmission probabilities, T1, Tz, and T3, represent the proba- 
bilities of transmitting allele A for genotypes AA, Aa, and aa, respectively. 
Under an autosomal mode of transmission, T1 = 1.0, T2 = .5, and T3 = 
0. Multifactorial transmission can be specified through the parent-off- 
spring correlation conditional on major genotypes and random residuals. 
Under a classic polygenic model, this correlation is .5. Fit of the data 
under the mixed genetic model and restricted models is done using the 
computer program PAP: Pedigree Analysis Package (Hasstedt and Car- 
twright, 1981). 

The fifth stage of analysis is a linkage investigation. The lod scores 
of spatial tests (if a major gene is indicated) with known gene markers 
are calculated using the computer program LIPED (Ott, 1974). The lod 
score method (Morton, 1955) involves calculating the likelihood of co- 
segregation of an unknown gene with a known gene at specified recom- 
bination values. The log of the ratio of likelihoods of specified recom- 
bination values, denoted by 0, to that of independent assortment (0 = .5) 
is called a lod score and denoted by z. 

RESULTS 

Cognitive Test Performance 

Univariate statistics for the six spatial tests are shown in Table II. 
Means and standard deviations of the spatial tests were similar to those 
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Table II. Univariate Statistics of  Six Spatial Tests a 

Test  N X SD p S K r 

CR 58 87.8 36.0 1.8 0 .2 .90 
CC 58 15.1 10.9 1.0 - . 4  .6 .70 
MR 65 13.1 8.2 1.0 .5 .8 .67 
RF  73 33.7 38.5 1.0 b .3 .1 - -  
GEF  64 10,0 5.3 1,0 - . 3  - 1. .83 
HP 54 172,8 54,9 1.7 0 - .2 .90 

a p, power  function in transformation of  age/sex-adjusted scores;  S, skewness;  K, kurtosis 
(deviation from normality); r, Pearson correlation coefficient of parts 1 and 2 of  the test. 

b Natural logarithm of  raw RFT scores used; no subsequent  power transformation after age/ 
sex adjustment  required. 

found in populations of unrelated subjects (Ekstrom et al.,  1976; Van- 
denberg and Kuse, 1978; Witkin et al., 1971; Oltman, 1968), indicating 
that substantial phenotypic variation is present in the kindred. Sample 
sizes vary due to the inability of some subjects to attend both hours of 
testing (N = 7), age requirements, and mismarked test sheets (N = 1 
for GEF, N = 4 for HP). 

Pedigree/Segregation Analysis 

Variance component estimates under the general model (VA, VD, 
and VE present) are shown in Table III. Significant genetic variance is 
indicated for two spatial tests, RF and CR, using the likelihood-ratio cri- 
terion (Edwards, 1972). Furthermore, significant dominance variance is 
indicated for CR but not for any other spatial test. There is no genetic 
variance for MR or HP in this kindred, while additive genetic variance 

Table III. Components  of  Variance on Six Spatial Tests" 

X ~ (2 df) 
Test  V6 VD VE (VA = VD = 0) 

CC .68 (.23)* .00 (.16) .41 (.15) 2.72 
CR .28 (.20) .70 (.18)** ,01 (.02) 6.46** 
G E F  .36 (.25)* .00 (,23) .63 (.22) 3.38 
HP .00 (.12) .00 (.17) .97 (.19) <.01 
MR .08 (.14) .00 (.16) .91 (.17) 0.18 
RF  .55 (.19)** .00 (.13) .45 (.13) 6.86** 

a VA, additive genetic variance (SE); 
ilial environmental  variance (SE). 

* p < . l .  
** p < .05. 

VD, nonadditive genetic variance (SE); VE, nonfam- 
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Table IV. Segregation Analysis of CR and RF Under the Mixed Genetic Model a 

Model q Xa~ XAa XAA h tr  X 2 (3 dr) 

Card rotations 
MGM .55 

(.11) 
PG 

Rod and frame 
MGM .37 

(. 16) 
PG 

- 1.69 .73 - . 0 5  .47 .65 
(.26) (.22) (.21) (,31) (.08) 

- . 1 8  .31 1.01 
(.23) (.28) (. 10) 

.31 - . 46  1.04 .81 .76 
(.51) (.22) (.34) (.31) (.12) 
.21 .58 1.02 

(.21) (.22) (.10) 

14.28" 

2.39 

MGM--mixed genetic model; PG--polygenic model (no major gene: XAA = X A a  = X a a ;  

q = 1.0); q--frequency of allele a; X~ ,  XAa, XAA--genotype means; h--heritability (i.e., 
polygenic variance/polygenic + environmental variance); cr--common standard deviation 
of genotypes AA, Aa, and aa. 

* p < .05. 

is significant for RF (p < .05) and marginally significant for CC (p < . 1), 
and GEF (p < .1). 

Results from segregation analysis under the mixed genetic model for 
CR and RF are shown in Table IV. A major gene is indicated for CR from 
model comparisons of the mixed genetic model (MGM) and the restricted 
polygenic (PG) model. There is no evidence for presence of a major gene 
for RF based on model comparisons of MGM and PG. 

We were unable to obtain maximum-likelihood estimates of the three 
transmission probabilities simultaneously for CR to evaluate the appro- 
priateness of Mendelian values (i.e., the major gene model). However, 
we did calculate the maximum likelihood of the data under alternative 
models with one transmission probability fixed (T1, T2, or 1"3). Varying 
which transmission probability was fixed had little effect on the magnitude 
of the likelihood. We compared the fit of the kindred data on CR per- 
formance under one of these models (i.e., T1 and T2 free, T3 fixed at zero) 
with the Mendelian model, and the chi-square statistic was not significant 
at the .05 level (X2  2 = 2.92). 

However,  the 95% confidence interval for T2 under the less restricted 
model did not include the Mendelian value of .5 even though comparison 
with the Mendelian model was not significant. One explanation for this 
paradoxical finding is that ad hoc tests of single parameters (in this case, 
the equivalent of a Wald test) may not be exact when multiple parameters 
are simultaneously estimated and the sample size is small (Kendall and 
Stuart, 1960; Phillips, 1986). 



Genetic Influences on Spatial Ability 

Table V. The lod Scores for Card Rotations and Autosomal Markers 
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Marker .01 .05 .10 .20 .30 .40 Zmax Om Of 

ABO - 1.53 -.98 - .72 -.44 - .26 - .12 
ACP ,15 a .15 .14 .11 .08 .04 
ADA ,06 .05 .04 .02 .01 .00 
BF - 1.59 -.97 - .67 - .36 - .18 - ,07 
ESD - .16 - .14 -.11 - .06 -,03 -.01 
FY ,02 .01 .01 .01 .00 .00 
GALT - 1,58 -.98 - .69 - .39 - .22 - .10 
GC ,44 .42 .39 .32 .23 ,13 
GPT ,25 .26 .26 .24 .19 .11 
HP -,13 - .10 - .07 -.03 -.01 .00 
IGHG(GM) - ,28 - .25 -.21 - .14 - .09 - .04 
JK - 1,57 - .96 -.67 - .39 - .22 - .10 
LE ,01 a .01 .01 .00 .00 .00 
MNS .53" .48 .42 .29 .17 .07 
P1 -,35 -.31 - .26 - .18 - .10 - .04 
PGM1 .38 a .32 .26 .17 .10 .04 
PGP - .16 - .15 -.13 - .09 - .06 -.03 
PTC - .09 - .08 -.07 - .04 -.03 -.01 
RH .03 ~ .03 .02 .01 .00 .00 

.04 .01 .50 

.51 .50 .01 

.44 .50 .01 

a Zmax if it occurs at 0m = Of; otherwise, Zmax, 0m, and Of are given. Markers not shown 
had lod scores of zero at all 0 values. 

L i n k a g e  A n a l y s i s  

W e  ca lcu la ted  lod scores  for CR wi th  the au tosoma l  genet ic  marke r s  
a n d  the  X- l inked  marker ,  XG, b e c a u s e  resul ts  f rom the segregat ion  anal-  

ysis  sugges ted  a poss ib le  major  gene.  In  addi t ion ,  we ca lcu la ted  lod scores  

for  G E F  and  R F  with X G  because  p rev ious  re sea rch  suggested  poss ib le  
l inkage  of  these  spatial  tests  with X G  ( G o o d e n o u g h  et al., 1977). Geno-  

typ ic  m e a n s  and  s t andard  dev ia t ions  for CR es t ima ted  u n d e r  the codom-  

i n a n t  ma jo r  gene  mode l  were  used  for ca lcu la t ing  the lod scores.  As show n  
in Tab l e  V, l inkage  of CR with 19 au tosomal  marke r s  was  re la t ively  un-  

in fo rma t ive .  The  largest  lod scores  were  found  for  M N S  and  the GC loci. 
L o d  scores  c lose  to the re jec t ion  va lue  of  - 2 . 0  were  found  for four  loci,  

ABO,  JK, GALT,  and  BF, at male  and  female  r e c o m b i n a t i o n  va lues  equal  
to .01. 

The  lod scores  for CR, RF ,  and  G E F  wi th  X G  are show n  in Table  
VI .  W e  used  geno typ ic  means  es t imated  u n d e r  the au tosoma l  c o d o m i n a n t  
m o d e l  as p a r a m e t e r  es t imates  of  female  m e a n s  in the X- l inked  model~ 
The  ra t iona le  for  this is that  geno typ ic  rat ios are equ iva l en t  for females  

u n d e r  the two modes  of t r ansmiss ion .  F e m a l e  h o m o z y g o u s  me a ns  were  
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Table VI. The  lod Scores for XG with CR, RF,  and GEF  a 

Om = Of = 

Trait  .01 .05 .10 .20 .30 .40 

CR - . 6 1  - . 5 1  - .41 - . 2 7  - .16 - . 0 7  
G E F  .11 .10 .08 .06 .04 .02 

R F  comple te ly  uninformat ive  in this family (i.e., lod scores  all 0). 

used as male genotypic mean estimates in LIPED. The family was com- 
pletely uninformative for X G  and RF and relatively uninformative for the 
other two spatial tests. 

DISCUSSION 

Genetic analysis of six spatial tests in four generations of a single 
kindred offers little support for major gene involvement in spatial ability. 
Only one of six spatial tests, Card Rotations, had significant nonadditive 
genetic variance underlying task performance in the family. Segregation 
analysis of this test under a mixed genetic model suggested a major au- 
tosomal gene from model comparisons but this interpretation is equivocal 
based on the transmission probability estimates and their standard errors. 
Furthermore, we found the heterozygous mean to be greater than either 
homozygous mean. This apparent overdominance, we feel, may reflect 
a genotype-age interaction. Because of the small size of our sample, we 
could not test for a genotype-age interaction (Moll et al.,  1984) and had 
to adjust for age assuming no interaction. 

In contrast to findings supporting a major gene for Mental Rotations 
and Hidden Patterns in nuclear families (Ashton et al., 1979), genetic 
variance for these tests is negligible in this kindred. One explanation for 
this discrepancy is that a major gene for HP and MR is by chance not 
segregating in this family. An alternative explanation is that variance 
among sibships (due to shared environment and/or heterogeneity) in nu- 
clear families leads to an overestimate of nonadditive gene effects and 
subsequent assignment to a major gene. A less plausible explanation is 
that a major gene is segregating for spatial ability but it has variable 
expression in families (MR and HP versus CR tasks). 

We should further note that the power of our analyses is unknown. 
Although a single large extended kindred has advantages over small nu- 
clear families in detecting a major gene through segregation patterns and 
linkage (discussed in the Introduction), there is no information on the 
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specific power  of  such analyses in a pedigree of  this size and structure.  
Simulat ion studies suggest that relatively large samples  are required, total 
N ' s  ranging f rom 450 to 675, to obtain sufficient power  in using the mixed 
model  to detect  a major  gene (Burns et al., 1984). However ,  these simu- 
lat ion studies are based on a major  gene with a relatively rare gene fre- 
quency  (.012) compared  to that expected  for  a trait such as spatial ability 
and on pedigrees ranging in size f rom 5 to 45. Howeve r ,  given our sample 
size of  73, insufficient power  may  have also contr ibuted to these findings. 

Linkage of Card Rotat ions with autosomal  blood markers  was in- 
conclusive.  The largest lod scores were  found for two markers  located 
on c h r o m o s o m e  4, GC and M N S ,  but they were only marginally different 
f rom zero.  Fur ther  investigations of  cosegregat ion of spatial tests with 
these  marke r s  in other  families may elucidate whether  a major  gene is 
p resen t  and located on ch romosome  4. The family was relatively unin- 
fo rmat ive  for  X G ,  thus precluding any conclusions regarding the proposed  
linkage (Goodenough et al., 1977) of  RF and G E F  with this marker .  
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