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F.M. Alexander 
"Everyone wants to be right, but no one stops to consider if their idea of right 
is right." (This quote of F.M. Alexander refers to a performer’s potential 
failure: What the performer thinks to communicate to the audience differs 
from what the audience experiences. A pedantic handedness researcher may 
also want to work out his/her fears and wishes before communicating to the 
common public.) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 

To my late supervisor, Matti Iivanainen, Professor of Neurology, who 
suddenly passed away 9.9.2016 at the age of 81 
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ABSTRACT 

One part of brain development is the formation of handedness, with 10% of 
people being left-handed. The origins of handedness are not well known, but 
studies suggest that it is formed in early development. I studied whether 
perinatal covariates have an association with left-handedness. Associations 
of handedness with several prenatal covariates have been reported, but 
results remain controversial. To begin with, a hypothesis of prenatal 
ultrasound causing more nonright-handedness among boys has been 
presented, and studies have suggested a higher proportion of left-
handedness in twins than in singletons.  

Starting with the ultrasound hypothesis, Study I addressed the 
association between prenatal ultrasound exposure and left-handedness. 
Further, Studies II and III investigated associations of handedness with 
perinatal correlates, like twin status, birthweight, gestational age, Apgar 
scores, birth order, occurrence of another left-handed relative in family, sex, 
maternal age, infertility treatment before pregnancy, birth year and age when 
handedness was assessed. Additional tests were possible on the motor control 
development of the left- vs right-handed of Study III. 

A dataset of singletons (N=4150) was used for testing the ultrasound 
hypothesis in Study I. My second study compared twins (N=8786) and 
singletons (N=5892) using gestational age, birthweight, Apgar scores, twin 
status, birth year and sex as covariates. Earlier studies of very-low-birthweight 
singletons indicated birthweight to be a correlate of handedness, so we tested 
birthweight, both dichotomously and as a continuous variable, in relation to 
handedness. Using the available perinatal covariates, we assumed risks of 
multiple births to increase the proportion of left-handedness.  

Based on the results of Study II we proceeded to study triplets. Triplets 
were used exclusively to test the effect of birthweight and other perinatal 
factors on handedness. Two separate datasets, Dutch (N=947 triplet 
individuals) and Japanese (N=1305 triplet individuals), enabled us to have a 
replication sample. The association between the motor development and the 
left-handedness of the triplets was also tested. 

In all studies, the handedness variable was the dichotomous “direction of 
handedness” (left/right), with some extra analyses also including the third 
class of ambidextrous, or sometimes, like in Study I, the dichotomy in the 
analyses was right-handed versus nonright-handed. Odds ratios (OR) of the 
dichotomous variables were reported. 

The first study indicated no association of handedness with ultrasound 
(OR = 1.16, 95% confidence interval (CI) 0.98 to 1.37). The second study 
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showed a statistically significant higher prevalence of left-handedness in twins 
compared to singletons (OR = 1.19, 95% CI 1.06 to 1.34; p = 0.004). The 
difference between singletons and twins was diluted when the perinatal 
covariates (birthweight, Apgar scores, gestational age) that differ between 
twins and singletons were in the model. Study II introduced twin-specific 
correlates in an attempt to explain the difference between twins and 
singletons. Regarding the potential significance of these twin-specific 
correlates as an artefact, if not adjusted by twin status, the dichotomized Apgar 
scores (< 7 vs. 7 or more) alone remained statistically significant in an adjusted 
model, with poorer Apgar scores associated with higher odds of being left-
handed, even with all covariates in the model (OR = 1.42, 95% CI 1.04 to 1.93, 
p = 0.03). In contrast to the subgroup of singletons, the twin-specific 
correlates expectedly showed stronger associations among twins. The 
dichotomized Apgar scores of twins showed an increased proportion of left-
handedness at lower scores (OR = 1.41, 95% CI 1.02 to 1.94, p = 0.04), and 
finally, a higher proportion of left-handedness could also be seen in lower 
birthweight twins when their cut-off value was set at the 10% lower centile, 
which in practice was the same as 2000g (OR = 1.39, 95% CI 1.11 to 1.75, p = 
0.004). In Study III, the two triplet datasets consistently showed significantly 
higher proportions of left-handedness associated with lower birthweight, as 
predicted when using left-handedness as an outcome and birthweight (kg) as 
a correlate (Japanese OR = 0.50, 95% CI 0.31 to 0.78, p < 0.01; Dutch OR = 
0.62, 95% CI 0.43 to 0.90, p = 0.01). The left-handed triplets showed delayed 
motor control in comparison to the right-handed, with this delay being totally 
explained in models by the lower birthweight of the left-handed. 

Our studies support earlier findings from very low birthweight 
singletons. Although we could not show an association of birthweight with left-
handedness among singletons, we had an increased proportion of left-
handedness among twins who naturally have smaller birthweights. We could 
more clearly repeat the finding among triplets.  

In connection with very low birthweight, growth restriction can be 
offered as an explanation behind an enhanced proportion of left-handedness. 
Triplets are rare by themselves and have much lower birthweights in 
comparison to singletons and twins. Overall, the importance of the three 
studies was in their support for the involvement of developmental factors in 
handedness formation. 
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TIIVISTELMÄ 

Osa aivojen kehittymistä on se, että ihmisestä tulee oikea- tai vasenkätinen, 
vasenkätisten osuuden ollessa noin kymmenen prosenttia. Kätisyyden alkusyyt 
eivät ole kovin hyvin selvillä, mutta on tutkimusnäyttöä sen muotoutumisesta 
jo varhaisessa kehitysvaiheessa. Tutkimukseni pyrki selvittämään, onko 
raskauden tai synnytyksen aikaisilla tekijöillä yhteyttä vasenkätisyyden 
yleisyyteen. Raskauteen liittyvien tekijöiden yhteyksistä kätisyyteen onkin jo 
raportoitu, vaikka tulokset ovat osin kiistanalaisia. Ensinnäkin on esitetty 
hypoteesi, että raskaudenaikainen ultraäänikuvaus olisi yhteydessä vasen-
kätisyyteen etenkin pojilla, ja tutkimukset ovat myös esittäneet, että 
vasenkätisyys olisi yleisempää kaksosilla kuin yksisikiösissä raskauksissa.  

Osatyö I pohjautui ultraäänihypoteesiin ja yritti todentaa yhteyttä 
vasenkätisyyden ja ultraäänialtistuksen välillä. Osatyöt II ja III tutkivat sen 
jälkeen muita raskauteen liittyviä tekijöitä  

Yksisikiöisten raskauksien synnytystietoja (N=4150) käytettiin 
Osatyössä I ultraäänihypoteesin testaamiseen. Toinen osatyöni vertasi 
kaksosia (N = 8786) yksisikiöisiin raskauksiin (N = 5892) käyttäen selittäjinä 
raskauden kestoa, syntymäpainoa, Apgar-pisteitä, kaksosuus-statusta 
(kaksonen tai yksisikiöinen raskaus), sukupuolta, syntymävuotta ja ikää, 
jolloin kätisyys mitattiin. Aikaisemmat tutkimukset hyvin pienen 
syntymäpainon yksisikiöisillä raskauksilla ovat antaneet ymmärtää, että 
pienempi syntymäpaino lisäisi vasenkätisten määrää. Siitä syystä Osatyö II 
testasi syntymäpainoa sekä dikotomisena että jatkuvana muuttujana. 
Käyttäessämme näitä kovariaatteja selittäjinä oletimme monisynnytysten 
riskien lisäävän vasenkätisyyden yleisyyttä.  

Osatyön II tulosten pohjalta siirryttiin Osatyöhön III tutkimaan 
kolmosia. Tässä osatyössä käytettiin pelkästään kolmosia testaamaan synty-
mäpainon ja muiden raskaudenaikaisten tekijöiden vaikutusta kätisyyteen. 
Kolmosartikkelin kaksi erillistä aineistoa, Alankomaalaiset (N = 947 
kolmosyksilöä) ja Japanilaiset (N = 1305 kolmosyksilöä) kolmoset mahdollis-
tivat tulosten toistotestauksen. Myös motorisen kehityksen ja kolmosten 
vasenkätisyyden välistä assosiaatiota testattiin. 

Kaikissa osatöissä kätisyys oli kaksiarvoinen ”kätisyyden suunta” 
(vasen/oikea), vaikka joissain lisäanalyyseissä välillä käytettiin kolmatta 
molempikätisten luokkaa tai, kuten Osatyössä I, käytettiin vasenkätisyyden 
sijasta ei-oikeakätisten luokkaa, johon molempikätisetkin kuuluvat. Analyy-
seistä raportoitiin vedonlyöntisuhteet (”odds ratio”, lyhennettynä OR). 

Ensimmäinen osatyö ei antanut viitteitä kätisyyden yhteydestä ultra-
äänialtistukseen (OR = 1.16, 95% luottamusväli (CI) = 0.98 to 1.37). Toisessa 
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osatyössä vasenkätisyyden osuus kaksosilla oli merkitsevästi suurempi (OR = 
1.19, CI = 1.06—1.34, p = 0.004) verrattuna yksisikiöisiin raskauksiin. Ero 
yksisikiösynnytysten ja kaksossynnytysten välillä hävisi, kun malliin otettiin 
mukaan raskauteen liittyvät tekijät (syntymäpaino, Apgar-pisteet, raskauden 
kesto). Raskaudenaikaiset tekijät, jotka usein ovat erilaisia kaksosilla, otettiinkin 
Osatyössä II mukaan juuri siksi että yritettiin selittää vasenkätisyyden yleisyyden 
eroa kaksosten ja yksisikiöisten synnytysten välillä. Tällaisia tekijöitä ei ollut 
tarkoitus käyttää mallissa ilman kaksosuus-statusta, koska niiden merkitsevyys 
mallissa voisi johtua (merkitsevästä) kaksosuus-statuksesta silloin kun se ei ole 
mallissa. Dikotomisoidut Apgar-pisteet (< 7 vs. 7 tai suurempi) jäivät 
tilastollisesti merkitseviksi silloinkin, kun kaksosuus-status ja kaikki muut 
riippumattomat muuttujat olivat mukana mallissa, siten että huonommat 
(pienemmät) Apgar-pisteet nostivat vasenkätisyyden todennäköisyyttä (OR = 
1.42, CI 1.04 to 1.93, p = 0.03). Toisin kuin yksisikiöisissä synnytyksissä, 
kaksosilla syntymänaikaiset tekijät olivat yhteydessä lisääntyneeseen vasen-
kätisyyteen. Dikotomisoidut Apgar-pisteet olivat selvästi yhteydessä lisäänty-
neeseen vasenkätisyyden määrään huonommilla pisteillä (OR = 1.41, CI = 1.02 to 
1.94, p = 0.04). Samalla lailla vasenkätisyyden todennäköisyys lisääntyi kakso-
silla heidän pienemmillä syntymäpainoillaan, kun alemman syntymäpainon 
rajaksi asetettiin jakauman alempi 10%, joka oli käytännössä sama kuin 2000g 
(OR = 1.39, CI = 1.11 to 1.75, p = 0.004). Osatyön III kahdessa kolmosaineistossa 
saatiin kummassakin suurempi vasenkätisyyden todennäköisyys, kun jatkuva 
syntymäpainomuuttuja pieneni (Japanilaiset kolmoset OR = 0.50, 95% CI 0.31 
to 0.78, p < 0.01); Alankomaalaiset kolmoset OR = 0.62, 95% CI 0.43 to 0.90, p 
= 0.01)). Motorinen kehitys oli viivästynyt vasenkätisillä verrattuna oikeakätisiin, 
mutta vasenkätisten pienempi syntymäpaino riitti selittämään tämän malleissa. 

Osatyöt II ja III tukevat aiempia tutkimustuloksia, jotka on saatu hyvin 
pienen syntymäpainon yksisikiöisissä raskauksissa. Vaikka vasenkätisyyden 
yhteys syntymäpainoon yksisikiöisissä synnytyksissä, ei meidän analyyseissä 
tullut näkyviin (meillähän ei ollut riittävästi pienipainoisia lapsia yksi-
sikiöisistä synnytyksistä), niin yhteys näkyi kaksosilla, joilla on luonnostaan 
pienempi syntymäpaino. Kolmosilla yhteys näkyi vielä selvemmin, oletetta-
vasti johtuen heidän vielä pienemmästä syntymäpainostaan.  

Koska hyvin pieni syntymäpaino on yhteydessä lisääntyneeseen vasen-
kätisyyteen, voisi kasvun hidastuminen olla selitys. Tämän vaikutuksen ei 
kuitenkaan tarvitse olla merkitsevä väestötasolla, koska suhteellisesti kovin 
pienellä määrällä lapsia on hyvin pieni syntymäpaino. Kolmoset ovat itsessään 
harvinaisia ja heillä on pienemmät syntymäpainot verrattuna kaksosiin ja 
yksisikiöisiin raskauksiin. Kaiken kaikkiaan näiden kolmen osatyön merkitys 
on siinä, että ne tukevat näkemystä kehitystekijöiden vaikutuksesta vasen-
kätisyyden muodostumiseen. 
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1 INTRODUCTION 

Handedness is often defined as a preference of humans to use one hand over 

the other (Brown, S. H., Roy, Rohr, & Bryden, 2006). About 90% of people 

are right-handed, with about 10% being left-handed (Papadatou-Pastou et 

al., 2019) and about 1% ambidextrous or both-handed (Rodriguez et al., 

2010). The question of why the majority of us are right-handed has intrigued 

researchers for a long time (Wood, 2005). There is evidence that handedness 

develops early in pregnancy. An ultrasound study suggested (Hepper, 

Shahidullah, & White, 1991) that fetuses prefer to suck their right thumb at 

15 weeks of gestation and this preference is correlated with postnatal 

handedness. Moreover, hand movement tendencies are observed even at 10 

weeks (Hepper, McCartney, & Shannon, 1998). Studying correlates of the 

fetal environment may help to find out how handedness develops (Alibeik & 

Angaji, 2012). Genes and the prenatal environment are both involved. 

Twin and family models suggest that about 25% of the variance in 

handedness is explained by genetic effects, resulting in most of the variance, 

75%, explained by environmental effects (Medland et al., 2009; Vuoksimaa, 

Koskenvuo, Rose, & Kaprio, 2009). The genetic and environmental correlates 

of handedness which should explain these variances mostly remain 

unidentified (Porac, 2016). This is all accompanied by the fact that inheritance 

does not seem to follow Mendelian laws because identical twins are often of 

opposite handedness and because the children of parents with the same 

handedness can have children with handedness opposite to theirs. 

Environmental variation has been tried to be explained away by genetic one-

locus theories of handedness which have a random allele variant (Annett, 

1972; Brown, S. H. et al., 2006; McManus, 1985). Later studies, however, have 
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concluded handedness to be polygenetic (McManus, Davison, & Armour, 

2013). The interplay of genes and the environment thus being mostly a 

mystery, even epigenetic regulation has been suggested to play a role (Franklin 

& Mansuy, 2010; Klar, 2004) .  

This thesis included one of the foremost controversies of handedness 

studies: the ultrasound hypothesis (Salvesen, Vatten, Eik-Nes, Hugdahl, & 

Bakketeig, 1993). This hypothesis posits whether ultrasound is related to an 

increased proportion of left-handedness, and used to be much debated 

(Abramowicz, Kossoff, Marsal, & Ter Haar, 2002; Kieler, Cnattingius, 

Haglund, Palmgren, & Axelsson, 2002; Rothman, 2001). The ultrasound 

controversy is, however, not the only one in laterality studies (Basso, 2007; 

Perelle & Ehrman, 2005). 

Despite controversies, handedness studies continue to attract common 

interest and are often considered to have the potential to increase our 

understanding of the development of brain and cognitive systems (Ooki, 

2014). Although an association between language lateralization and 

handedness (Elliott & Roy, 1996) (pages 57 to 81) persists, it is not as 

straightforward as former researchers assumed (Groen, Whitehouse, Badcock, 

& Bishop, 2013), and is becoming more complicated over time (Carey & 

Johnstone, 2014; Vogel, Bowers, & Vogel, 2003). When mechanisms of 

handedness formation remain unknown and theories contradicting (Annett, 

1996; Bakan, Dibb, & Reed, 1973; Geschwind, N. & Galaburda, 1985a; Perelle 

& Ehrman, 2005), a developmental approach is perhaps realistic (Boles, Barth, 

& Merrill, 2008), together with the genetic regulation aspect (Alibeik & Angaji, 

2012; Calnan & Richardson, 1976; Fagard, 2006; McCartney & Hepper, 1999; 

Michel, Nelson, Babik, Campbell, & Marcinowski, 2013).  
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2 REVIEW OF THE LITERATURE 

2.1 ABOUT HANDEDNESS AND ITS ASSESSMENT 

2.1.1 HANDEDNESS AND LATERALIZED SKILLS 

Historical findings tie handedness to a left–right property of the brain called 

laterality: In the 18th and 19th centuries it was observed from patients with 

disabilities (Brown, J. W. & Chobor, 1992; Dronkers, Plaisant, Iba-Zizen, & 

Cabanis, 2007) that language was lateralized to the left hemisphere. Since 

motor control of the body has also been found to be contralateral, with 

control of the right hand being on the left and vice versa, language and right-

handedness were theoretically attached to each other (Annett, 1981). The 

correlation between handedness and language lateralization is far from 

perfect, with most individuals having a dominant left hemisphere in relation 

to language, but these two – language lateralization and handedness – 

together with their association continue to be among topics of research 

interest (Basso, A., Farabola, Grassi, Laiacona, & Zanobio, 1990; Knecht et 

al., 2000; Vogel et al., 2003).  

2.1.2 ASSESSMENT OF HANDEDNESS 

As for the assessment of handedness, Goez & Zelnik (2008) considered it to 

be subjective, with the different ways of measurement catching varying 

“components” of handedness. The varying ways of assessing handedness was 

also on the minds of Corey, Hurley & Foundas (2001) when they investigated 

the ability of the different handedness inventories and performance 

measures to arrive at “distinct handedness groups”, which Corey et al. (2001) 

assumes will be of help in the investigation of handedness and its association 

with “language lateralization”.  
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The simplest way of finding out a subject’s handedness would be to 

observe or ask his/her “hand preference”. Supposedly handedness preference 

follows the subject’s own choice of convenience linked with a personally 

experienced “relative hand skill”, or, as Brown et al. (2006) in the beginning 

of his abstract puts it, when citing Corey et al. (2001): “Handedness is defined 

by the individual's preference to use one hand predominately for unimanual 

tasks and the ability to perform these tasks more efficiently with one hand.”  

In their publication, Corey et al. (2001) investigated ways of explaining 

dichotomous hand preference by (continuous) hand performance measures, 

using regression analysis. They concluded that more than one performance 

measure (“dimension”) was needed. The dimensions, or distinct groups, 

would, according to Corey et al. (2001), originate from different regions of the 

brain, additionally consisting of fine versus gross control of various muscular 

management (as also noted by Brown et al., 2006. Brown et al. (2006) 

replicated Corey’s (2001) findings. Brown et al. (2006) (page 2) also stated 

that an understanding of the relationship between hand preference and hand 

performance would help in examining the relationship between handedness 

and cerebral organization, with respect to language functions, helping to 

define the risk of language disorders that occur more frequently in left-

handers than right-handers, with aphasia as an example.  

About handedness assessment, Elliott & Roy (1996) (pp 57-81) have their 

point of view for us to consider: “If the goal is simply to define objectively those 

people who will claim to be left- or right-handed, then perhaps the skills that 

cluster around handwriting are the best, at least in North American and 

Western European societies; if, on the other hand, the goal is to predict 

something about the pattern of cerebral organization, then it is more open to 

question which aspect of handedness is the most appropriate to measure”. 

Taken together, handedness may be multidimensional, and, for example, may 
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additionally contain cultural effects, as directly seen in the differing writing 

systems (because of varying teaching traditions, and because some are written 

right to left or left to right or up and down). However, not all authors agree 

about the multidimensionality of handedness (McManus, 1984).  

Confounding sources vary, and make assessment more complicated: 

time trends and differences between countries have indeed been noted 

(McManus, 2009) and, based on the abovementioned differences in writing 

systems, perhaps could be called “cultural effects”. Actually, according to 

McManus (2009) genes take part in cultural variation over time because of 

societal pressures, and as part of evolutionary processes. Most prominently, 

these “cultural effects” also include changing attitudes towards left-

handedness (allowing it more over time). Measurement age is named as one 

confounder, the easiest attributed aspect of which is to differentiate school-

aged children from younger ones (Bryden, P. J., Pryde, & Roy, 2000). Equally 

importantly, age is also interconnected with birth year which is in connection 

with the abovementioned changing cultural effects. In this way, age as a 

confounder easily leads to misinterpretations, like an assumed earlier death of 

left-handers (Hugdahl, Satz, Mitrushina, & Miller, 1993) in comparison to 

right-handers (see Figure 1).  
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Figure 1 Failure to properly recognize birth year as a correlate has led to the myth 
of an earlier death of the left-handed. The number of younger left-handed 
individuals increases instead of a decrease among the older ones. 

In short, the above definition of handedness intrinsically contains more than 

one dimension when the hand preference, being basically a dichotomy, is 

accompanied by the continuous “relative hand skill” (which may also have 

dimensions, but for simplicity is projected to only one). The two dimensions 

may also be seen with the names “direction of handedness”, which is 

dichotomous, and the “degree of handedness”, which is a continuous positive 

measure (Bishop, Ross, Daniels, & Bright, 1996; Dassonville, Zhu, Ugurbil, 

Kim, & Ashe, 1997). As mentioned, an opinion has also been expressed about 

handedness being merely dichotomous, like the “writing hand”, and the 

variation in “strength” or “degree” would then only be a matter of experience 

of the participant for a named task (McManus, 1984). Regarding this 

dichotomy-only aspect, however, Bishop (1996), for example, disagrees (see 

also Dassonville et al., 1997). More support for the importance of the “degree 
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of handedness” are given by studies which suggest that the cases of mixed-

handedness (the group with the “degree of handedness” = small) would tend 

to have more neurological diagnoses (Burnett et al., 2018; Markou, Ahtam, 

& Papadatou-Pastou, 2017; Prichard, Propper, & Christman, 2013; 

Rodriguez et al., 2010).  

2.1.3 THE SOURCES OF CONFUSION 

Confounding is introduced and uniqueness lost because of the difficulties of 

assessment. For instance, the ways of assessment are many (Scharoun & 

Bryden, 2014). Although standards for assessment exist, researchers tend to 

apply them in varying ways (Edlin et al., 2015). Studies become less 

comparable as a result (Perelle & Ehrman, 2005). Moreover, the assessment 

methods have confounding in themselves (Bishop, 1990a) (pp 69 to 81) 

(McManus, 1984). The environment may be involved, cultural effects (Perelle 

& Ehrman, 2005), for instance, may cause differences between countries 

(Porac, Coren, & Searleman, 1986). As a result, a researcher may thus 

instinctively select an assessment type according to convenience, to obtain a 

statistically significant result (Bishop, 1990b). The assessment type variation 

may be mostly due to practical reasons, with selection often done on the basis 

of cost and trying to optimize dataset size (Bishop, 1990a). For example, the 

purpose would normally be to deal with missing values of items. Credibility 

may be reduced when handedness researchers do not know the goal of their 

research (Bishop, 1990a; Basso, 2007). In addition of having had to use 

nonright-handedness as an outcome, the preferred handedness measure to 

us has been the “writing hand”, as suggested by (Perelle & Ehrman, 2005).  
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2.1.4 RECONSIDERING DICHOTOMY OVER A CONTINUOUS 
VARIABLE 

Many scientists seem to regard the continuous “degree of handedness” as 

more important than the dichotomy when investigating associations with 

prenatal defects (Bishop, 1990a). Some authors, however, insist that 

handedness really is a dichotomy (McManus, 1984) and point to unwanted 

statistical fluctuation as one reason to use the dichotomous writing hand as 

the proper measure of handedness (Perelle & Ehrman, 2005). Using a 

dichotomy, or even a three-class variable, is a simple solution and easy to 

assess by a few questionnaire items and is thus commonly applied in studies 

(Bishop, 1990a). A more advanced but still simple way is to make questions 

about a group of hand usage activities and summarize the answers into one 

variable, as was done in the Edinburgh Handedness Inventory (Oldfield, 

1971). This, however, tends to lead to a highly skewed and bimodal 

distribution, as found in Study I, wherein it simply has to be dichotomized. 

To obtain a continuous variable, more costly in-laboratory measurements 

should be done (Bishop, 1990a). Indeed, a continuous measure with a 

Gaussian distribution would have more statistical power. On the contrary, a 

dichotomy does not have issues with the form of distribution, and it is simple 

to use. 

All is not lost, however, when using a dichotomy instead of a continuous 

“degree of handedness”. Although the latter is often considered to be better in 

identifying associations with prenatal harms, we can conclude from the works 

of Corey et al. (2001) that components of the relative hand skill remain to be 

captured in the dichotomy as well. Indeed, left-handers, on average, tend to be 

less asymmetrically lateralized (Kilshaw & Annett, 1983) than right-handers, 

by their hand skills and by how some functionalities are, on average, 

distributed in the brain (Bishop, 1990a; Carey & Johnstone, 2014; Gao, Wang, 

Yu, & Chen, 2015; Guadalupe et al., 2014; Knecht et al., 2000). In particular, 
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the ambidextrous, or mixed-handed, a group between either left- and right-

handed, have a small degree of handedness, by definition. They are 

unfortunately regularly misclassifed, both randomly and because of varying 

assessment methods, sometimes being combined with right-handers and 

sometimes with left-handers.  

2.1.5 EXAMPLES OF HANDEDNESS THEORIES 

2.1.5.1 Hormonal theories 

As one of the most ambitious efforts of all, Geschwind, Behan and Galaburda 

have presented a theory (GBG) of the deleterious effects of testosterone, 

additionally causing left-handedness (Geschwind, N. & Galaburda, 1985a). 

As a byproduct, it would result in associations of left-handedness with many 

disorders. The theory has been challenged by Berenbaum & Denburg (1995) 

and Bryden, M. P., McManus, & Bulman-Fleming (1994), but on the other 

hand also defended by Previc (1994).  

In partial support of the hormonal theories, prenatal hormone exposure 

(diethylstilbestrol = DES) has been noted to increase the prevalence of left-

handedness in men (Titus-Ernstoff et al., 2003) and women (Schachter, 1994; 

Scheirs & Vingerhoets, 1995; Smith & Hines, 2000). The effect of hormones 

on the brain, however, seems to be more complicated, with findings often 

contradicting the GBG theory. For instance, Arning et al. (2015) reports that 

the repeat length of the androgen receptor gene is positively associated with 

increased nonright-handedness among both men and women. According to 

them, it holds despite certain differences between men and women. These 

differences are known to be in mechanisms and distributions, according to 

Arning et al. (2015). They also point out that the repeat length has been linked 

with less efficient androgen receptor function.  
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The conclusions of Arning et al. (2015) were preceded by two studies. The 

first one (Medland et al., 2005) concluded that repeat length of the androgen 

receptor positively correlates with an increased proportion of left-handedness 

among females, the opposite held for males. The second study (Hampson & 

Sankar, 2012) tested handedness more accurately, including the mixed-

handed as a third class. Their results suggested that among males the repeat 

length of the androgen receptor positively correlated with mixed handedness 

instead of right-handedness. With these two preceding studies, Arning et al. 

(2015) could verify the association of the androgen receptor length with 

nonright-handedness among both males and females, with differences in 

handedness classification though.  

The finding of (Grimshaw, Bryden, & Finegan, 1995) also contradicts the 

GBG theory by noticing that although prenatal testosterone levels affect the 

brain, it increases right-handedness and left-side lateralization of speech 

among girls while boys have a stronger right-hemisphere recognition of 

emotion (see also (Medland et al., 2005; Vuoksimaa, Eriksson, Pulkkinen, 

Rose, & Kaprio, 2010). In support of hormonal theories are the findings of Zhu 

et al. (2009), who used a rather large dataset (N = 41,000), showing an impact 

of mother’s infertility treatment and contraceptive usage on an increased risk 

of the mixed-handedness of the child (odds ratio (OR) for fertility treatment = 

1.41, 1.09 to 1.82).  

Also in support of the hormonal theories is the higher prevalence of left-

handedness among men in comparison to women (Papadatou-Pastou, Martin, 

Munafo, & Jones, 2008; Vuoksimaa & Kaprio, 2010). Studies contradicting 

GBG theory report of being in harmony with the Callosal theory of Witelson & 

Nowakowski (1991), (see also (Hugdahl & Davidson, 2004) (pp 105-158). The 

Callosal theory of handedness does not mention hormones, but it is specific 

for males only and hypothesizes a reverse association of consistent 
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handedness with the amount of axons in the corpus callosum. That theory is 

also developmental with its assumption of the programmed loss of neural 

connections, which may fail to happen in non-term children. The GBG theory 

on handedness is similarly based on a hypothesized loss of brains cells in the 

left hemisphere caused by testosterone, in this way resulting in an increased 

proportion of left-handedness. 

2.1.5.2 Mirror Twinning 

Based on the observation of mirror symmetries among conjoined twins, 

including in the animal kingdom, a theory came into existence wherein 

handedness as a mirror image phenomenon was associated with 

monozygotic twinning (Newman, 1928). Later studies of handedness, 

however, have not been able to replicate any enhanced proportion of left-

handedness among monozygotic twins, in comparison to dizygotic twins 

(Derom, Thiery, Vlietinck, Loos, & Derom, 1996; McManus, 1980; Medland 

et al., 2003; Vuoksimaa et al., 2009). If there is an excess of left-handedness 

among identical twins in comparison to fraternal ones, the difference is small 

enough to remain undetected. If it exists, it would be based on a very late 

split of the embryo, close to the period of conjoined twinning, which is 

between 13 and 15 days after conception (Segal, Nancy L., 1990). In fact, 

because of the mirror twin theory, the concept of identical twinning long ago 

used to be erroneously based on handedness, in effect distracting early 

researchers to believe in an enhanced proportion of left-handedness among 

identical twins (Ooki, 2014). Mirror twins are not a different type of twins, 

but rather it has been observed that some MZ twins (25% of them) have 

mirrored similarities. At least in this way, mirror twins do exist. Researchers 

commonly confirm that mirror twinning is not related with handedness at all 
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(McManus, 2002) (page 291). It has remained one of the important topics of 

handedness studies over the years, as explained above. 

2.1.5.3 Genetic theories 

As mentioned above, non-Mendelian inheritance occurs in twins regarding 

handedness, with many identical twins having opposite handedness (Sicotte, 

Woods, & Mazziotta, 1999). The same is likewise seen in family data when 

parents who are both left-handed or both right-handed have offspring with a 

hand preference opposite to theirs (Annett, 1979). There is, however, a 

genetic component, since according to twin models, identical twins are found 

to be similar a little more often than non-identical (McManus, 2002; Sicotte 

et al., 1999). ones, and according to family models, the parent’s left-

handedness enhances the probability of the child being left-handed  

The first widely known genetic model was that of (Annett, 1978; Annett 

& Kilshaw, 1983; Kilshaw & Annett, 1983), a one-locus model with a random 

allele, the function of which was to replace the largely unknown environmental 

variation by a dependence on chance. McManus (McManus, 1985) published 

his own version later. Later, multigenetic models indisputably won out over 

the simpler one-allele theories (Armour, Davison, & McManus, 2014; 

McManus et al., 2013), also see McManus & Bryden (1992).  

Eventually, the possibility of epigenetic regulation was presented by 

(Klar, 2004). However, a basic detail remains: that handedness is 

multigenetic, as also concluded by (Armour et al., 2014). Additionally, twin 

studies have found a 25% genetic variation of handedness (Medland, Duffy, 

Wright, Geffen, & Martin, 2006; Medland et al., 2009; Vuoksimaa et al., 

2009). Thus, the rest, the surprisingly large portion (75%) of the variation 

would remain for the environment. 
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2.1.5.4 Pathological left-handedness 

The idea of pathological left-handedness was introduced by Paul Satz (1972) 

to explain the higher incidence of manifest left-handedness in brain-injured 

populations, the mentally retarded and epileptic individuals. The idea was 

based on a hypothesized early brain injury (Satz, 1972; Soper & Satz, 1984). 

Practical findings from special neurology groups continue to support the 

insight (Alibeik & Angaji, 2012; Bradshaw-McAnulty, Hicks, & Kinsbourne, 

1984; Dellatolas et al., 1993; Satz & Green, 1999; Segal, N. L., 1989). 

Pregnancy and birth complications also seem to relate to increased left-

handedness (van Strien, Bouma, & Bakker, 1987). A difference between twins 

and singletons in the prevalence of left-handedness (Sicotte et al., 1999) can 

indirectly support the pathology assumption, although the true mechanism 

remains unknown. In the same way, the finding in (McKeever, Suter, & Rich, 

1995) with maternal age and parity (number of children previously born) as 

correlates of handedness is indirectly in support of high risk pregnancies as 

sources of pathology. Still, the mechanisms behind excess left-handedness 

among special groups may have been misunderstood, since studies do not 

support brain-injury driven pathology directly.  

For instance, O’Callaghan, Burn, Mohay, Rogers, & Tudelope (1993a) 

and O’Callaghan, Burn, Mohay, Rogers, & Tudelope (1993b) noted that brain 

injury is concentrated to children of high birthweight, while left-handedness 

among the low-birthweight children was elevated without detectable injuries. 

Another study (Van der Elst et al., 2011) did not either find direct support for 

pathology because the association found with birth stress events was very 

small.  

The pathology assumption was criticized very early in (McManus, 1983) 

for being based on physical brain injury without direct evidence. McManus 

(1983) insisted that no change of handedness owing to injuries had been 
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shown, despite the difference between neurological and normal populations. 

Going further, in his criticism he also expected proof of a difference between 

twins and singletons, because he at that time believed that none ever existed. 

McManus (1983) must still be right in the sense that pathology may have 

remained undetected, similarly to the difference between twins and singletons 

which has not always been identified. Indeed, brain damage with a sudden 

change of handedness has not been shown (Ooki, 2014).  

If physical damage is not the reason, subtle insufficiencies in neural 

development would remain as a mechanism. On the contrary, it is also true 

that brain damage is regarded as more probable among those who are small at 

the time of birth, which does have some support from evidence (Watkins, 

West, & Cooke, 1989). Brain injury was also typically offered as a mechanism 

behind handedness change from studies of prenatal ultrasound and 

handedness (Salvesen & Eik-Nes, 1999). According to (Soper & Satz, 1984), 

similar changes towards right-handedness can happen in the naturally left-

handed as well. There are a few studies on associations of birthweight 

difference of twins and handedness, but they do not test the simple association 

but interactions rather (Orlebeke, Knol, Koopmans, Boomsma, & Bleker, 1996; 

Segal, N. L., 1989), in an attempt, to see adverse effects.  

2.1.5.5 Motor control development and handedness formation 

Handedness is dependent on the brain, known for its plasticity, especially in 

the early years of life (Corbetta, Williams, & Snapp-Childs, 2006; Kloppel, 

Mangin, Vongerichten, Frackowiak, & Siebner, 2010). Corbetta D et al. 

(2006) highlights the importance of early sensory-motor experiences in 

learning to sit, creep and walk. They conclude that the development of 

handedness is malleable in the first year of life. Klöppel et al. (2010) 

investigated the effect of developmental challenges on the brain structure 
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using brain imaging techniques. They showed that the human basal ganglia 

differentially responded to those challenges, probably with regards to motor 

control development. 

2.1.5.6 Twin researcher’s viewpoints and additional theories 

Twin models suggest that environmental effects explain 75% of the total 

variation of handedness. However, we do not know of correlates which would 

explain even a fraction of it. One of the most famous genetic explanations, 

the random-allele theory (also called the Right Shift theory of Handedness 

(RS)), is an attempt to replace this large environmental variation by 

randomness (Annett, 1996). Although the RS theory cannot be the final word, 

it may be the most cited one; as already noted, however, a newer 

understanding regards handedness as multigenetic (Armour et al., 2014; 

McManus, 1985; McManus et al., 2013). To our knowledge, no real random 

allele has been found. Despite extensive research including from twin 

laboratory studies (Geschwind, D. H., Miller, DeCarli, & Carmelli, 2002), 

most of the original questions about the sources of variation, genetic or 

environmental, remain practically unanswered (Geschwind, D. H. et al., 

2002).  

As is commonly known, twin and multiple pregnancies constitute a 

health risk for the mother and the babies (Dudenhausen & Maier, 2010; 

Powers & Kiely, 1994), suggesting that a comparison of twins and singletons 

(see also McManus, 1983) would help us understand how a challenging fetal 

environment affects handedness. Similar considerations should also apply to 

the comparison of identical and fraternal twins, because they also have 

different pregnancy risks (Hoskins, 1995): identical twins are more often 

premature and have a little lower birthweight than fraternal twins. Exceptions, 

however, exist: a condition of alleged immune reaction occurs, where dizygotic 
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twins are under greater risks than monozygotic ones (Long & Oats, 1987; 

Singh, Singh, Surapaneni, & Nirmalan, 2014) (see also (Karumanchi & Levine, 

2010). Overall, we do not necessarily know the detailed role of different 

complications in handedness formation, most of which are thus considered to 

be more against the monozygotic twins than dizygotic ones. Zygosity 

difference, however, has not been detected regarding the proportion of left-

handedness but a slightly higher prevalence of left-handedness among twins 

in comparison to singletons remains more evident (Sicotte et al., 1999).  

The already introduced mirror-twin theory would implicate an enhanced 

proportion of left-handedness in monozygotic twins. As long as a difference 

between identical and fraternal twins (Sicotte et al., 1999; Vuoksimaa et al., 

2009) remains undetected, the mirror twin theory of handedness clearly 

cannot be considered as an explanation. Similarly, according to the 

abovementioned studies, the slightly enhanced risks of monozygotic 

pregnancies in comparison to dizygotic ones do not seem to (detectably) 

increase the proportion of left-handedness among monozygotes.  

Additional theories of handedness formation can be found. One of them 

suggests the position of the fetus in the womb (Previc, 1991) to be a source of 

handedness development. This theory contains a specialty among twins 

because of a probable mutual counter-interaction (Geschwind, N. & 

Galaburda, 1985b). Based on the position of the fetus in the womb, the stimuli-

driven theory of Previc (1991) leans on a suggested differential development of 

the two ears, when the respective brain lobes are affected by sounds 

experienced in that position. Speech thus becomes lateralized because of a 

slight advantage of the right ear. Although handedness can be regarded to 

develop during pregnancy, some effect could also come from early life 

experiences, like cradling, which according to one theory could be affected by 
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the handedness of the mother. These, and many other aspects, are discussed 

by (Schaafsma, Riedstra, Pfannkuche, Bouma, & Groothuis, 2009).  

2.2 BACKGROUND FOR STUDY I 

2.2.1 RANDOMIZED CONTROLLED TRIALS AND META-ANALYSES 

A Norwegian study of handedness and ultrasound (Salvesen et al., 1993) 

raised the hypothesis for our Study I about the association of ultrasound with 

an increased proportion of left-handedness. This study, as well as Study I, 

was a randomized controlled trial (RCT). In RCT, patients are randomized to 

a treatment group, consisting of those who were intended for scans, or a 

control group, which was not supposed to have those scans. RCT studies are 

also supposed to be submitted later to meta-analyses (Cook, Sackett, & 

Spitzer, 1995). Such a meta-analysis (Salvesen & Eik-Nes, 1999) with divided 

conclusions was already done after a second study on ultrasound and 

handedness (Kieler, Axelsson, Haglund, Nilsson, & Salvesen, 1998a), the 

results of which were not as compelling in comparison to the original RCT 

study.  

Originally, the RCT method is supposed to give an unconfounded and 

unbiased answer to the question of whether a treatment and outcome are 

associated or not. In fact, health care must allow exceptions to RCT studies 

because of ethical reasons, rendering the RCT setting incomplete. To be 

accurate, the method is then called the “intention-to-treat” (ITT) (Heritier, 

Gebski, & Keech, 2003). In ITT, statistical analyses are conducted according 

to the original randomization plan, but exceptions are allowed in patient 

treatment, when health issues indicate. The “effect size” will be biased and the 

RCT setting may come up short of the expected power when some controls 
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have a treatment similar to that of cases, thus reducing the count of effective 

controls.  

The study of Kieler et al. (1998a) reported one statistically significant 

result, but it was according-to-exposure. Not to misunderstand the result, one 

should most importantly take the result from the RCT setting, which in truth 

was not statistically significant with the subgroup of boys included. The meta-

analysis (Salvesen & Eik-Nes, 1999) which followed also had its divided 

conclusions: a statistically significant result among boys with Norway and 

Sweden combined, together with the conservative result of no association 

when both sexes were included.  

But finally, it seems like some kind of rush to judgement occured, not 

because of RCT studies or meta-analyses, but because of additional case–

control studies (Kieler, Cnattingius, Haglund, Palmgren, & Axelsson, 2001; 

Kieler, Cnattingius, Palmgren, Haglund, & Axelsson, 2002). These studies 

presented results from big datasets which at that time started sounding 

credible. The real discussion burst seemed to have taken place after them (as 

is seen in (Abramowicz et al., 2002; Kieler et al., 2002; Rothman, 2001). And, 

as mentioned, this all was well before Study I was published. 

2.2.2 THE INITIAL HYPOTHESIS FINDS “CONFIRMATION” 

Debates about the dangers of prenatal ultrasound gradually emerged because 

of handedness studies. The original RCT studies and their meta-analysis 

could be ignored with silence until a case–cohort study in Sweden (Kieler et 

al., 2001) was published (see Figure 2). The exploratory phase of the second 

(Swedish) RCT study (Kieler, Ahlsten, Haglund, Salvesen, & Axelsson, 

1998a) was only a prelude for what was to come, when a statistically 

significant result emerged (NOTE: from non-RCT setting!) in their 

exploratory analysis, in the subgroup of boys. As stated by Kieler (1998a) (p 
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233) in their conclusions: “This study could not rule out a possible 

association between nonright handedness among boys and ultrasound 

exposure in early fetal life. However, the association was confined to analyses 

comparing exposed and non-exposed boys”. A meta-analysis of the Swedish 

and Norwegian studies was then done, and the finding was that the 

association was limited to the subgroup of boys (Salvesen & Eik-Nes, 1999).  

After that came the already mentioned large case–control study of males 

(un-exposed = 172,537, exposed = 6858) (Kieler et al., 2001), which was able 

to convince some of the public (Salvesen, 2002) and perhaps, for a while, the 

researchers themselves. That case–control study was followed by an analysis 

of a smaller, but still sizable (un-exposed = about 10,000, exposed = about 

300) replicate dataset (Kieler et al., 2002). Since these were not RCT studies, 

confounding remains a possibility. The reason for the evidence to initially 

appear rather convincing is that supposed covariates were included in the 

models. These covariates consisted of the year of enrollment, maternal age, 

place of birth, parity, gestational age, birthweight ratio and Apgar scores. 

Other strengths of the case–control studies were that the datasets were not 

small and that the ORs of the two were alike and, additionally, like those given 

in RCT studies. Differences in prevalence between areas could be explained by 

chance or demographics, but it may remain less convincing to simultaneously 

explain the difference between the two time periods before and after the 

introduction of ultrasound imaging.  

The authors who criticized the findings (Abramowicz et al., 2002; 

Rothman, 2001), kept claiming that problems remained in the measured and 

unmeasured correlates of handedness. They (Abramowicz et al., 2002) (p 318) 

continued by naming some of the unmeasured potential correlates such as 

“maternal disorders (toxaemia, diabetes), medication during pregnancy, 

breech delivery, forceps and vacuum deliveries”. Importantly, they claimed the 
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causal mechanism (laboratory tests together with physical models of tissue 

interactions do not indicate causal associations) to have low credibility. I 

additionally wonder if the differences between periods would include the 

increase in changing attitudes towards acceptance of left-handedness 

simultaneously with common technological progress in metropolitan areas. 

Authors (Abramowicz et al., 2002) have made even more of suggestions, such 

as a local simultaneous increase in harmful traits (assumed to have an 

association with handedness). Admitedly, the results of these two case–

control studies sounded ground-breaking, with perhaps it being a coincidence 

that ORs were like what was expected according to the original RCT studies 

while, in contrast, the ORs also were quite near to unity (in the first one OR = 

1.32, 95% CI = 1.16 to 1.51) (CI = confidence interval). The limitations of these 

case–control studies undoubtedly include a rough definition of ultrasound 

exposure, given by the availability of imaging services in the birth district of 

the children, in addition to the fact presented by the criticizers that all 

confounding correlates could not be included in models. Thus, controls were, 

for instance, those who were born in areas without imaging services.  

In their answer to the critiques of Abramowicz (2002), Kieler et al, 

(2002) clearly admitted how the Norwegian and Swedish RCT studies did not 

have results that were convincing, and for that reason they published the 

newer case-control study (Kieler et al., 2002b). When answering, Kieler et al. 

(2002), in truth, failed to mention that the Swedish RCT study did not have a 

statistically significant result at all, according to the intended RCT setting. 

Their significance was limited to the subgroup of boys in their exploratory 

analysis of the exposed and the unexposed. In the same way, the subsequent 

meta-analysis (Salvesen & Eik-Nes, 1999) of the Norwegian and Swedish RCT 

studies together produced its statistically significant result in the subgroup of 

boys only (OR = 1.26, 95% CI = 1.03 to 1.54), but they appropriately made a 
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final conclusion of their analysis with a conservative approach: “no association 

between ultrasound in utero and subsequent nonright handedness”.  

 

Figure 2 A case–control study where ultrasound exposure is based on the place of 
birth and the time when ultrasound imaging was introduced. Increasing 
attitudes of acceptance based on both birth place and birth date may 
become important. Most important is, however, the low credibility of the 
causal association between ultrasound exposure and left-handedness. 
Authors also point to unknown correlates of left-handedness.   
       *Abbreviation: DAG=Directed Acyclic Graph 

2.2.3 LOSS ANALYSES, HEALTH BEHAVIOR AND ANSWER RATE 

Based on observations from an RCT study by (Waldenstrom et al., 1988), 

ultrasound screening may affect maternal health behavior. Their study 

reported that screened children were approximately 42g heavier than the 

non-screened ones and offered an explanation: the scanned mothers tended 

to cease smoking after seeing the fetus on the screen. The existence of an 

association between handedness and maternal smoking may, however, be 
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far-fetched, although associations of smoking with left-handedness have 

occasionally been reported (Bakan, 1991; Dragovic, Milenkovic, Kocijancic, 

& Zlatko, 2013). Having used the same data as Waldenstrom et al. (1988), 

the meticulous analyses of Kieler et al. (1998a) and Kieler et al. (1998b) 

concluded that maternal smoking would not be an effect modifier for 

ultrasound exposure. This is well in line with expectations because the 

association of smoking behavior with handedness remains unconfirmed. 

Having additionally inspected the non-participants of their RCT data, 

Waldenstrom et al. (1998) concluded no indication of an over-representation 

of risks among the non-participants. However, on page 107 they summarized: 

“Most of the differences between non-participants and participants in this 

study were maternal or caused by the ultrasound scanning procedure and, 

apart from the finding of a greater number of mild respiratory disorders 

among infants in the non-participant group, there were no differences in 

neonatal morbidity”. In summary, the Swedish authors reportedly studied 

confounding in their dataset accurately and concluded no effect on 

handedness. Most importantly, their main RCT result of an association 

between handedness and ultrasound exposure was negative in the original 

RCT setting. However, they had a positive result from their exploratory 

analysis among boys, but it was of borderline significance and thus 

unconvincing because of not being from the main analysis and that it was only 

in the subgroup of boys; studying effect modifiers probably would not remain 

so important retrospectively. The study of Salvesen (1993), in contrast, 

expressed some concern about the misclassification of handedness after 

having summarized this outcome by selecting 10 handedness items from a 

total of 20 items of their handedness questionnaire. The reason for the 

selection was to minimize loss due to missing values and they especially 

indicated that they did not select any items according to sensitivity or 



Review of the literature 

37 

specificity. Their analyses summarized the potential misclassification to have 

no overall effect either. (For a summary about assumed incompleteness in RCT 

studies on handedness, see Figure 3). 

 

Figure 3 Discussed potential flaws in ITT studies of Handedness and Ultrasound: 1) 
Non-causal Correlates of Handedness include health behavior and 
participation status. 2) Intention-To-Treat (ITT; tends to decrease power 
and lower the effect size), 3) Report Bias (not all data or analysis attempts 
are reported because of negative results), 4) Multiple Testing (many and/or 
post-selected outcomes, subgroup testing)   
       *Abbreviation: DAG=Directed Acyclic Graph 
 

2.3 BACKGROUND FOR STUDY II 

2.3.1 TWINS AND SINGLETONS AND HANDEDNESS AS AN ADVERSE 
OUTCOME 

The insight that twins would have more left-handedness than singletons is 

not consistently supported, although some studies, even those with large 
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datasets, have found a difference (Vuoksimaa et al., 2009). However, a 

negative finding is provided by another large dataset (Medland et al., 2006). 

Earlier positive findings indeed exist using several smaller datasets (Rife, 

1940). Most importantly, according to the meta-analysis of Sicotte et al. 

(1999), twins are more likely to be left-handed than singletons – in older 

datasets. The explanation may be that the association is slowly vanishing, 

suggesting common risks of multiple births to be a reason. These risks may 

nowadays be better addressed, as (Ooki, 2014) (p 2) summarizes: “twins are 

more likely than singletons to be born prematurely and/or to experience 

perinatal injuries” and continues (on page 2) by citing Satz (1972) that “twin 

populations may include two types of left-handers: natural and pathological”. 

Ooki (2014), however, adds that firm evidence to support this (pathology) 

view is lacking, probably based on the critics of (McManus, 1983). These 

covariates would hopefully help to understand handedness formation when 

it is a result of perinatal risks. Additionally, it was my initial expectation that 

singletons would also have associations with some of the correlates, and I 

only expected twins to at most differ with respect to (the strength of) those 

associations. 

2.3.2 BIRTHWEIGHT – AN EXPECTED CORRELATE OF LEFT-
HANDEDNESS 

An expectation that birthweight would have an association with increased 

left-handedness is initially based on singleton studies. An increased 

proportion of left-handedness has been reported among children of 

extremely low birthweight (ELBW; birthweight below 1000g) (O'Callaghan 

et al., 1993a; Saigal, Rosenbaum, Szatmari, & Hoult, 1992). Similarly, an 

increase among very low birthweight children (VLBW; birthweight below 

1500g) has been reported (Powls, Botting, Cooke, & Marlow, 1996). 
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Importantly, a large twin–singleton study of handedness also reported 

birthweight to be a correlate of handedness (Medland et al., 2009). Negative 

findings can be found for the association of birthweight and handedness as 

well, for instance that of (Nicholls, Johnston, & Shields, 2012). However, that 

study used birthweight dichotomously, with a cut-off point of 2500g, far too 

high in comparison to the original cut-off points of Powls and O’Callaghan. 

Opinions of birthweight being a correlate can also be seen in the comments 

of a criticizer of the ultrasound hypothesis (Rothman, 2001). Low 

birthweight can sometimes be classified as a condition called intrauterine 

growth restriction (IUGR) (Cosmi, Fanelli, Visentin, Trevisanuto, & Zanardo, 

2011). IUGR has been explained by Cosmi et al. (2011) to have many health 

consequences in later life. In addition to diabetes and cardiovascular 

diseases, the neural development of the fetus is endangered. The blood 

circulation of the fetus is affected, according to Cosmi et al. (2011), because 

of the attempt of the fetus to adapt. That adaptive blood circulation of the 

fetus is said to differentiate blood pressures inside the fetus, to keep the brain 

and heart preferentially supplied (Cosmi et al., 2011). In the next paragraph, 

we discuss another kind of adaptive growth restriction tendency which is 

typical among multiple births.  

2.3.3 ADAPTIVE GROWTH RESTRICTION AND THE RISKS OF 
MULTIPLE BIRTHS 

In IUGR, the mediating mechanism is explained to be placental insufficiency, 

manifested by a reduced cardiac output to the fetus (Rizzo & Arduini, 1991; 

Rizzo, Capponi, Cavicchioni, Vendola, & Arduini, 2008). Whether growth 

restriction would be an adaptive mechanism among twins and higher 

multiples has not directly been shown, although demonstrated to be 

statistically probable when the likelihood of discordant growth has been 
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reported to decrease as a function of the combined weight of the fetuses 

(Blickstein, Goldman, & Mazkereth, 2000). Adaptive mechanisms among 

multiples are further discussed in Blickstein (2002) (Blickstein, 2002), 

concluding that a failed adaptation may result in significant growth 

discordance caused by an inability of the womb to nurture the fetuses 

equally. Among singletons, however, (Bernstein, Horbar, Badger, Ohlsson, & 

Golan, 2000) reported that data from 19,759 VLBW singleton neonates did 

not support an assumed adaptive reaction towards adverse conditions 

because only malicious effects from IUGR was seen. In this study of 

(Bernstein et al., 2000), prenatal corticosteroid helped, independently of the 

fetal size. Thus, in multiples, when we have resources of the womb limited 

differently from those of singletons, a positive adaptation could be perhaps 

expectable. At least we could follow (Blickstein, 2002) with his assumption 

of pathology being more probable in discordant growth of the twin fetuses, 

or as a hypothesis more fitting for our study, in non-optimal growth of the 

fetuses, below normal or expected size.  

2.3.4 BIRTH ORDER OF TWINS – A MEASURE OF LABOR-TIME 
STRESS? 

There are reports of birth order of twins having an association with increased 

left-handedness, but studies do not agree (Ooki, 2014). As Ooki (2014) notes, 

the effect is based on assumed birth stress owing to delayed labor of the later 

born twin or to neurological damage due to preparing the birth canal, in the 

case of the first born. As Ooki (2014) also notes, the second born has been 

found by (Boklage, 1981) to be left-handed more often than expected and the 

first born has been reported to have excess left-handedness among 

monozygotic (MZ) twins by many (Christian, Hunter, Evans, & Standeford, 

1979; James & Orlebeke, 2002; Orlebeke et al., 1996), but otherwise, no 
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significant associations have been found from larger datasets (Medland et al., 

2003; Vuoksimaa et al., 2009). Expectations from studies cannot be high, 

simply because of the possibility mentioned by Ooki (2011) of the effect to 

occur in two opposite directions. The birth order of singletons is a totally 

different thing and has also been considered as a pregnancy risk in the 

literature, with the first, fourth, fifth etc. child having their risks elevated. 

The birth order of singleton births has also been studied against left-

handedness, but to our knowledge with a negative result (Nachshon & 

Denno, 1986).  

2.3.5 APGAR SCORES – ONE MORE MEASURE OF LABOR-TIME 
STRESS 

Apgar scores have been used since the 1950s for evaluating the condition of 

the child after labor (Finster & Wood, 2005), and are also in our datasets for 

follow-up purposes. The assessment is done by the midwife who scores 5 

different traits (Appearance, Pulse, Grimace, Activity, Respiration) using 

numbers from 0 to 2, which thus sum up as a value ranging from 0 to 10. The 

result is categorized with thresholds (0 to 3 = critically low, 4 to 6 = below 

normal, 7 to 10 = normal) which provide the final indications for immediate 

treatments such as resuscitation (Committee on Fetus and Newborn, 

American Academy of Pediatrics & Committee on Obstetric Practice, 

American College of Obstetricians and Gynecologists, 1996; Montgomery, 

2000). The use of Apgar scores for forecasting future health has been debated 

(Montgomery, 2000). Additionally, Razaz et al. (2016) have noticed that the 

sensitivity (rate of correctly predicted conditions) of Apgar scores is poor but 

that those with lower scores had developmental vulnerabilities. In particular, 

in huge datasets associations with neurological outcomes have been reported 

(Leinonen et al., 2018; Moster, Lie, Irgens, Bjerkedal, & Markestad, 2001).  
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Although having its limitations in predicting outcomes (American 

Academy of Pediatrics, Committee on Fetus and Newborn, American College 

of Obstetricians and Gynecologists, & Committee on Obstetric Practice, 2006; 

Committee on Fetus and Newborn, American Academy of Pediatrics & 

Committee on Obstetric Practice, American College of Obstetricians and 

Gynecologists, 1996; Montgomery, 2000; Olsen, 1995), Apgar scores have 

been reported to have an association with diagnoses like cerebral palsy and 

epilepsy (Ehrenstein et al., 2006; Leinonen et al., 2018; Moster et al., 2001; 

Razaz et al., 2016). Because of having an association with neurological harms, 

an association with left-handedness may also be possible.  

To our knowledge, few studies have tried to relate Apgar scores with 

handedness or laterality. We know of only one recent study (Dragovic et al., 

2013) on left-handedness among adolescents. They report an association of 

Apgar scores with left-handedness using 1031 students. In addition to the 

previous, the book of D. V. M. Bishop (1990a) (p 91) summarizes some earlier 

ones. Of these, Schwartz (1988) reported an association of Apgar scores with 

nonright-handedness assessed at 2 years of age among a sample of 290 

children, taken from medical records. The study resulted in the proportions of 

27% among those with Apgar scores below 7 and 18% in those with Apgar 

scores of 7 or more. In their study of infant motor asymmetries, instead of 

infant handedness, Turkewitz et al. (1968) investigated 130 infants, and saw 

no lateral motor asymmetry in those (n=32) below Apgar scores of 7, in 

contrast to those with higher scores. Liederman and Coryell (1981, 1982) had 

similar findings. Despite the possible limitations (to compare, also see  

Ehrlichman, Zoccolotti, & Owen, 1982) of the referred studies and their 

varying outcome and varying use of their score, these Apgar score–related 

articles, together with the book of Bishop (1990a), tend to point to the 

potential developmental features of handedness formation. 
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2.3.6 GESTATIONAL AGE, A MEASURE OF PRETERM BIRTH 

Gestational age is a measure of time from conception to birth. Together with 

birthweight, preterm birth has been noted as one correlate of left-

handedness (Domellof, Johansson, & Ronnqvist, 2011). In the literature it is 

often preterm birth which is mentioned in connection with birthweight in 

relation to development, or even more relevantly, both may be needed 

together (Wilcox, 2001) to explain developmental effects on handedness. 

However, for instance Gutbrod et al, (2009) concludes that having VLBW 

would be more important than gestational age itself, in their study of 

cognitive development. Gestational age is important in deciding whether a 

fetus is growth restricted or not. The decision is made based on the 

gestational age–specific growth curves, with those below the 10th decile 

considered as growth restricted. The condition IUGR is also sometimes 

called “small for gestational age” (SGA). Studies tend to point to SGA as the 

subgroup of preterm children with a risk for neurological problems 

(Heinonen et al., 2018). With the collinearity of gestational age with 

increasing birthweight and with studies showing that both have an 

association with handedness, preterm birth and very low birthweight can 

both be regarded as valid correlates of handedness.  

2.3.7 SEX – A ROBUST CORRELATE OF HANDEDNESS 

Sex is a robust correlate of handedness, in twins and singletons alike, with 

males having about 2 percentage units more of left-handed individuals than 

females (Papadatou-Pastou et al., 2008; Vuoksimaa & Kaprio, 2010). 

Because of hormonal theories, explained above under the title “Hormonal 

theories”, one may assume the sex difference of left-handedness is related to 

hormonal effects in some way. However, one of the important genes related 

to hormones, the androgen receptor, is situated on the X chromosome. 
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2.4 BACKGROUND FOR STUDY III  

2.4.1 BIRTHWEIGHT AND DEVELOPMENTAL PROBLEMS 

As earlier mentioned, birthweight is a known correlate of neurological 

disorders as well as that of developmental delay, also in early life. Physical 

brain injuries may also be a focus in studying neurological disorders and 

developmental delay, since, for instance, Watkins et al. (1989) mention 

cerebral hemorrhage and ischemia to be the leading causes of mortality and 

morbidity in VLBW infants. Having followed VLBW newborns for episodes 

of hyper- or hypotension after birth, they report the reason for found lesions 

to be intraventricular hemorrhage (IVH) rather than hypotension or 

hypertension. There is also a noted difference between boys and girls, with 

boys having higher risks (Stevenson et al., 2000) of morbidity and mortality. 

Stevenson et al. (2000) (page 182) also notes that in an earlier report 

(Brothwood, Wolke, Gamsu, Benson, & Cooper, 1986) “More boys were 

depressed at birth as evidenced by their Apgar scores, had respiratory 

distress syndrome or lung related injuries and disabilities”, continuing (on 

page 185) about their own results: “Despite overall decreases in mortality and 

decreases or no change in morbidities among very low birthweight infants of 

both sexes, relative differences persist between the sexes.”  

2.4.2 MOTOR CONTROL MEASURES AND HANDEDNESS 

Additionally, as we already know, VLBW is a correlate of left-handedness. 

Thus, we are interested to know whether left-handedness and developmental 

delay share the same etiology in birthweight and whether that etiology 

consists of pathology and/or some other more general mechanisms. We 

cannot possibly explain much, but can at least fit models with motor control 

measures and with variables explaining handedness. Here, what was said 
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earlier about (adaptive) growth restriction also applies: In the uneven growth 

of fetuses, the placenta is unable to provide nutrients (evenly) to both/all the 

fetuses, increasing the possibility of delayed development. According to the 

literature cited above, it is the small size which increases the possibilities of 

perinatal pathological events. However, apart from pathology 

considerations, we may remain unable to detect how low birthweight is 

involved in handedness formation. Perhaps developmental delay is part of 

the answer? Pathological left-handedness was introduced by (Satz, 1972), but 

was later opposed because of not having been directly detected (McManus, 

1983).  

2.4.3 RETESTING TRIPLETS ON WHAT WE ALREADY KNOW OF 
TWINS 

An expected feature of all multiple births is in their being more risky, in 

comparison to singleton births. The difference in triplets is that they are 

expectedly even more risky and have smaller birthweights, in comparison to 

twins. Unfortunately, the datasets were not similar, and not all same 

variables were available for triplets as were for twins. Birth order, however, 

is there and it is interesting to test whether it now significantly affects 

handedness, since it is believed to be a birth stress indicator, and whether 

birthweight remains associated with birthweight. These should similarly 

serve as confirmatory analyses for what we know from twin studies in the 

literature and from Study II. 

2.4.4 THE WITHIN-TRIPLET ANALYSES 

The unique feature of twin and triplet studies is the possibility of having 

matched controls. This makes it possible to compare the two twins or the 

three triplets to each other and see if the same holds within the multiplet as 
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it holds between multiplets. The downside of within-group analyses is that 

some power is lost, ending up in results which probably remain 

nonsignificant. The idea of having triplets consisting of three children with 

the same gestational age but different birthweights is fascinating, though.  
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3 THE AIMS FOR THE STUDY 

Aim 1: To study the association between prenatal ultrasound exposure and 

handedness at adolescence using the RCT setting. Study I tested the 

hypothesis of an association between prenatal ultrasound and increased 

“nonright-handedness” (NRH) among boys.  

 

Aim 2: To test if there is a difference between twins and singletons in the 

proportion of left-handedness, and to investigate whether the perinatal 

correlates of birthweight, Apgar scores and gestational age would explain 

that difference. 

 

Aim 3: To investigate the association of birthweight with left-handedness in 

triplets and to study if measures of motor development differ between the 

left- and right-handed and whether this difference would be explained by 

birthweight. For this study, we wanted to replicate results using two separate 

triplet datasets from Japan and the Netherlands.  
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4 MATERIALS AND METHODS 

4.1 MATERIALS AND METHODS IN STUDY I  

The three studies separately have their materials and methods explained in 

original study publications. Here I intend only shortly to describe the 

methods of each study. 

The course of initial pregnancy data collection for Study I has been 

explained in (Saari-Kemppainen, Karjalainen, Ylostalo, & Heinonen, 1990). 

That data, initially collected in 1985 to 1987, consisted of 9310 pregnancy 

records. Based on these, 7773 mothers were tracked in 2001 and a handedness 

questionnaire was sent. The final response rate with non-missing handedness 

information was 53% over the years 2001 to 2002. The average age of the child 

at the time of questionnaire was 13.4 years, with a standard deviation (SD) of 

0.54. The handedness data, which was collected as a parental questionnaire, 

consisted of 5 items, in contrast to the two earlier RCT studies which used 10 

items. The five items were answers to the questions of whether the child used 

his/her left, right or both hands equally for writing, throwing a ball, holding 

scissors, holding a knife and holding a spoon. Using these, we made a laterality 

quotient (LQ) in the style of the Edinburg handedness inventory (Oldfield, 

1971). With the 100% strong right-handed (with LQ = 100) attached to the 

class of right-handed and with all of the rest to the class of “nonright-handed”, 

we hope to have been able to follow the original handedness variable of 

(Salvesen et al., 1993) optimally enough. Their variable, called “nonright-

handedness”, belongs to a dichotomy where one class was the right-handed 

and the rest being classified as nonright-handed (NRH). Our nonright-

handedness was based on an LQ with a cut-off point as told above. For 
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confirmation of our results, the writing-hand dichotomy was also used as an 

extra approach.  

In the Helsinki Ultrasound data, which seemingly was rather an ITT 

study than a pure RCT study, controls still differed from cases by the number 

of scans. While only 462 controls of the total 2038 had no scan at all, 12 cases 

of the total 2122 additionally had no scan. The number of scans given to 

controls ranged from 0 to 12 with the average being 1.8 scans, the scans of 

cases ranged from 0 to 38 with the average being 2.2. In contrast to controls, 

cases were unbalanced with respect to the sex of the child: 53.6% of the 

scanned cases were girls and 46.4% were boys. 

The first scan of controls ranged from 31 to 299 days of gestation with 

the mean (M) and standard deviation (SD) 133.4 and 58.8, respectively, and 

the first scan of cases ranged from 35 to 282 days of gestation (M=119.4; 

SD=23.9), about 80% of which were between days 106 and 140. More of the 

differences based on the original Ultrasound data before our handedness 

questionnaire can be read from Saari-Kemppainen et al. (1990). (About the 

data compilation, also see Figure 4). 

In Study I, we had as covariates maternal smoking, which came from the 

original ultrasound data, and the existence of a first-degree nonright-handed 

relative, which came from the questionnaire. Study I also had sex as a 

covariate, which was both in the pregnancy record and in the handedness 

questionnaire data. For exploratory analyses, we created indicator variables of 

ultrasound usage, denoting its usage during each of the three trimesters of 

pregnancy. 

The first test according to the RCT setting was done without covariates 

and without using sex for dividing into subgroups. This kind of approach is 

advisable as regarded by randomization and the RCT methodology, and 

because of no assumed confounding. After that, we tested the original 
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hypothesis about boys, and thus ended up repeating the previous comparison 

in the two subgroups of boys and girls. Our main analysis tool was logistic 

regression, together with tabulation, in Stata 11 (StataCorp,2009. Stata 

Statistical Software: Release 11. College Station, TX, USA). Tabulations were 

done together with logistic regression for each of the RCT comparisons and for 

the first simplified exploratory analyses without covariates, which were done 

in the style of the earlier ultrasound–handedness studies. The exploratory 

analyses were continued by running further logistic regression models, with 

the assumed/existing covariates in, to adjust for confounding. Analyses were 

also done separately for boys and girls, as was done by the meta-analysis 

(Salvesen & Eik-Nes, 1999) and the RCT study of (Kieler et al., 1998a). Boys 

and girls were also analyzed separately because the proportion of left-

handedness is higher among boys (Papadatou-Pastou et al., 2008). All 

multivariate models of the exploratory phase, with trimester indicators 

applied, were Bonferroni corrected for multiple testing. 



 

Figure 4 Dataset of Study I 

Compilation of the dataset of Study I

Helsinki Ultrasound Trial data of 9310 pregnancy records
with 8647 recorded labor events between September 1986 and 
July 1988

Tracked down 7773 mothers in 1999 for a questionnaire to 
be sent of the child’s handedness, 3915 controls, 3858 cases

Study 1:Dataset of children’s handedness, N=4150

Answers to handedness questionnaire in 2001-2002, with a 
response rate of 53%, 2112 cases, 2038 controls
Included only those who had data on handedness
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4.1.1 ADDITIONAL ANALYSES 

In this thesis, I went further with analyses and made a sensitivity analysis 

about the meta-analysis of Salvesen (2011). These sensitivity analyses are 

unpublished. As is standard, it is important for a meta-analysis to inspect the 

impact and backgrounds of each of the individual RCT studies, for inclusion 

and exclusion, to avoid bias in the meta-analysis (Egger, Smith, & Phillips, 

1997) itself. Although in the meta-analysis of Salvesen (2011), there were only 

three RCT studies with Study I included, sensitivity analyses could at least 

probe for instabilities based on the inclusion and exclusion of each of the 

individual RCT studies. Similarly, instabilities in the results when estimated 

using subgroups would be of importance, this time especially in males and 

females, as taken from the original papers: each of the individual RCT studies 

and from the two meta-analyses. Although not as important for RCT studies 

of the size included (with the outcome being handedness), Swedish authors 

have discussed some associations between smoking status, randomization 

status/ultrasound exposure and participation status in the original Swedish 

RCT data (Waldenstrom et al., 1988) (see also (Kieler, Hellberg, Nilsson, 

Waldenstrom, & Axelsson, 1998c; Kieler et al., 1998a). Because our original 

pregnancy dataset was rather large in contrast to the data size which was 

available for analysis after the handedness questionnaire, I added some 

analyses of these associations in the initial pregnancy data. I also inspected 

smoking status because the Swedish RCT data had reported some change of 

smoking behavior in scanned mothers, without an effect on handedness 

however (Kieler et al., 1998c; Waldenstrom et al., 1988). This all was done to 

more accurately estimate some instabilities or minor confounding caused by 

low response rate and differing treatments of the randomized groups. For 

performing the meta-analyses needed for the sensitivity analysis, I used the 



Materials and methods 

53 

command “metan” of the Stata package “sbe24_3” (http://www.stata-

journal.com/article.html?article=sbe24_2).  

4.2 MATERIALS AND METHODS IN STUDY II 

A combined twin (N = 8786) and singleton (N = 5892) dataset was used to 

test if twins and singletons differed and whether prenatal covariates had an 

association with increased left-handedness (Medland et al., 2003; Sicotte et 

al., 1999). The datasets for twin–singleton comparison consisted of two twin 

samples and two singleton samples which, when arranged pairwise, 

approximately had comparable birth years and ages. In this way, we hoped 

to be able to harmonize their demographics. The handedness outcome had 

to be harmonized too, because only the handedness of the FinnTwin16 twins 

(birth years 1974 to 1979) and their partners (birth years 1950 to 1990) had 

their handedness collected with the same questionnaire. The FinnTwin12 

dataset (birth years 1983 to 1987) had the Helsinki Ultrasound dataset of 

Study I (birth years 1986 to 1988) as its matched pair. These two datasets 

had their handedness data collected separately from each other, although 

approximately at the same times, and had comparable birth years. The aim 

in doing the harmonizing of handedness was to use dichotomous writing 

hand for each dataset, and use a redundant handedness variable to catch any 

inconsistencies. For the FinnTwin12 dataset and the respective Helsinki 

Ultrasound dataset, we had a writing-hand question and FinnTwin12 had 

another common handedness question for checks, but the five handedness 

questions of the Ultrasound dataset were summarized using the polytomous 

latent class analysis package poLCA (Linzer & Lewis, 2011) of the program R 

(R Development Core Team, 2013) to have a similar common handedness 

variable for catching inconsistencies. The other two datasets, FinnTwin16 

and their partners, had their handedness assessed with the same 
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simultaneous questionnaire. There was a question regarding whether the 

participant wrote with the right or left hand, and another question to control 

if the respondent had been able to freely choose his/her writing hand. (For 

the compilation of the dataset, see Figure 5). 

The comparison of the proportion of handedness was done separately for 

the two twin vs singleton dataset pairs and for the total data. In addition, we 

tested how the given covariates explained the proportions, with twin status 

included. For analyses, we used logistic regression of Stata version 12 (Stata 

Statistical Software: Release 12). For raw models, we additionally used 

tabulation, and logistic models were corrected for pairwise effects by the 

cluster-option of Stata.  

Our datasets included covariates like birthweight, Apgar Scores, sex and 

gestational age. For twins, we additionally had birth order. We analyzed 

birthweight as continuous and additionally as dichotomous, trying to follow 

studies which have reported an increased proportion of left-handedness 

among singletons of VLBW or ELBW (those below 1500g or 1000g of 

birthweight, respectively) (O'Callaghan et al., 1993a; Powls et al., 1996). The 

distributions of our singletons and twins established some limitations, and we 

could not use the optimal 1500g for our twins nor our singletons. Instead, 

(Ooki, 2006) had used 2000g as a cut-off-point for twins, and we noticed that 

in our data it was very near to the lower 10% tail of the birthweight 

distribution. We decided to use the exact lowest decile. For our singletons, the 

10% cut-off-point was too high, but the 2.5 percentile was very close to 2500g, 

the WHO (World Health Organization) standard for low-birthweight children. 

The lower 10% “standard” cut-off-point of twins and the 2.5% cut-off-point of 

singletons enabled us to do dichotomous analysis of birthweight, separately 

for twins and singletons. 
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We used Apgar scores dichotomously (0 to 6 versus 7 to 10). Of note, 

Apgar scores are taken every five minutes after birth, first after one minute, 

then at five minutes, and ten minutes, etc. as long as there is a need to follow 

the child because of an earlier low value of Apgar scores. In this way, a missing 

value normally means that the previous measurement produced an adequate 

result. It is the five minute Apgar scores (or later, if measured) which are said 

to have an association with neurological impairments (Razaz et al., 2016). Our 

datasets had only two Apgar scores measured, at 1 and 5 minutes of age. Our 

final Apgar score variable was thus that of five minutes of age, and whenever 

missing, was replaced with the value at one minute.  



 

 

Figure 5 Dataset of Study II 

CCompilation of the dataset of Study II

Singletons taken from the Helsinki Ultrasound Trial
With Information on the writing hand
N=4101, birth years 1986-1988
Mean age at handedness assessment = 13.4 y
% left-handed 8.46%

Finntwin12 twin dataset
With information on the writing hand
N=4687, birth years 1983-1987
Mean age at handedness assessment = 9.41 y
% left-handed 9.41%

Partners of Finntwin16 twins from 5th wave
With information on the writing hand
N=1791, birth years 1950-1990
Mean age at handedness assessment = 33.9 y
% left-handed 7.82%
(No perinatal covariates available!)

Finntwin16 twins from the 5th wave
With writing hand info 
N=4099, birth years 1974-1979 
Mean age at handedness assessment 34.0 y
% left-handed 9.98%

Final dataset of 5892 singletons and 8786 twins N=14671
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4.3 MATERIALS AND METHODS IN STUDY III 

In Study III we analyzed Japanese (N = 1305 individuals) and Dutch (N = 

947 individuals) triplets, the largest triplet datasets to study handedness to 

date, to test the expectation of a stronger association of birthweight with left-

handedness, because of the smaller birthweight of triplets in comparison to 

twins. In addition to birthweight, maternal age, infertility treatment, sex, 

gestational age, and mutual birth order of the triplets were included as 

explanatory variables in Study III. The exclusive use of triplets in Study III 

enabled us to avoid problems in harmonizing the outcomes and correlates of 

triplets with those of singletons and/or twins. Harmonization between 

nationalities is also avoided by using the two datasets separately, as replicate 

datasets. For further exploratory analyses regarding developmental aspects, 

we had motor developmental milestones as covariates (Yokoyama et al., 

2011). The milestones were reported motoric progress ages in months, as 

recorded by parents about the motor control development of the child. These 

milestones have five separate items: the events of when the child learned to 

turn (=roll over), sit, crawl, stand alone and walk alone. In addition to these, 

we also had head circumference at the time of birth, a variable that can be 

regarded as a proxy marker of early brain development. The common 

variation of the five motor developmental milestones was acquired using 

principal component analysis. That variation, as well as head circumference, 

was inspected with linear regression analysis for an association with 

handedness using sex as a covariate. (For the compilation of the two datasets 

of Study III, see Figure 6). 

The main method of analysis to explain handedness with covariates was 

logistic regression, except for using conditional logistic regression for within-

triplet analyses. Within-triplet analysis also made it possible to see whether 

the equal gestational age of the three would make a difference in the result or 
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not. The correction for similarity in the triplet group was done using the 

cluster-option of the program Stata. We additionally used linear regression 

analysis in Study III when comparing motor developmental milestones 

between handedness groups. At the time of Study III, statistical analyses were 

done using Stata software version 13 (StataCorp. 2013. Stata Statistical 

Software: Release 13. College Station, TX, USA: StataCorp LP). Figures were 

made using graphics packages of R (R Core Team (2013). R: A language and 

environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL http://www.R-project.org/.).  



 

Figure 6 Datasets of Study III 

Compilation of the two datasets of Study III

Japanese birth cohorts 1978 - 2012

Maternal and Child Health Handbook
With birth data by health professionals

Recruitment through Japanese mothers’ 
organizations for Higher order Multiple Births
and others

Questionnaire to mothers who refer to the
handbook, added with questionnaire about the
childrens’ handedness. Latest questionnaire
taken, N=1305,  mean age 8.3 y

Triplets recruited by the Netherlands Twin Register, 
shortly (weeks-months) after birth, originally 332 
births

Dutch birth cohorts 1970 - 2006

Surveys collected info from mother on pregnancy
after registration

Maternal questionnaire on handedness in early
years of the child, or self report in later years.
Self reported N = 258, maternally reported N = 689 
with mean ages 11 y and 15.6 y, respectively
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5 RESULTS 

5.1 RESULTS OF STUDY I  

5.1.1 THE RESULTS 

The statistically non-significant main result in the original RCT setting, for 

boys and girls together, was OR = 1.16 (95% CI = 0.98 to 1.37). As an answer 

to the hypothesis, the result for boys was OR = 1.12 (95% CI = 0.89 to 1.41), 

and for girls OR = 1.24 (95% CI = 0.97 to 1.58). Thus, Study I did not support 

the hypothesis of ultrasound increasing the proportion of nonright-

handedness among boys.  

The results by exposure (in the non-RCT setting) had no finding of any 

statistical significance in the association of ultrasound exposure with 

nonright-handedness, whether it was those cases who kept to their plan (N = 

1044) and were scanned in weeks 16 to 20 versus those cases and controls who 

were not scanned at all (for boys, OR = 1.29, 95% CI = 0.69 to 2.41; for girls, 

OR = 0.73, 95% CI = 0.43 to 1.26), or those cases and controls who had extra 

scans, against the plan, versus those who were not scanned at all (for boys, OR 

= 0.95, 95% CI = 0.55 to 1.67; for girls, OR = 0.73, 95% CI = 0.43 to 1.26). This 

is to say, no expected trend can be concluded from extra scans, and a mere 

trend is seen for the boys of cases who kept to their plan. 

The results using multivariate logistic regression – this being in the non-

RCT setting – of left-handedness explained by indicators of exposure in the 

three trimesters, adjusted by other selected/available covariates. The 

indicators of exposure by trimester, adjusted or raw, were statistically non-

significant, seemingly without any expected trend. However, the existence of 

a first-degree left-handed relative in the family was associated with a 

statistically significant increase of the proportion of nonright-handedness (for 
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boys, adjusted OR = 1.83, 95% CI = 1.21 to 2.77; for girls, adjusted OR = 1.57, 

95% CI = 1.01 to 2.43). For boys, maternal smoking cessation during 

pregnancy was also associated with a statistically significant increase in the 

proportion of nonright-handedness (raw OR = 1.77, 95% CI = 1.04 to 3.00; 

adjusted OR = 1.71, 95% CI = 0.98 to 2.96).  

5.1.2 TESTS OF CONFOUNDING IN THE FINNISH ULTRASOUND 
DATASET 

Extra analyses were done for this thesis summary and are presented below. 

Table 1 (below) cross tabulates smoking status by randomization status in 

the pregnancy dataset of the eligible subjects at the time of preparing the 

questionnaire. It shows a minor statistically significant 2 = 6.8, p = 0.03) 

treatment effect of ultrasound screening causing smoking cessation in 

scanned mothers in a full dataset of 7430 eligible subjects. The difference 

presented in Table 1 thus slightly compromises randomization. For a 

comparison, see also Saari-Kemppainen et al. (1990). 

Table 1. Smoking status by randomized groups in initial data before handedness 
questionnaire 

Smoking status Controls Cases Total 

Non-smoker 2515 (49.0%) 2613 (51.0%) 5092 

Ceased for pregnancy 390 (45.5%) 467 (54.5%) 857 

1 cigarette or more/day 739 (51.1%) 706 (48.9%) 1445 

Total 3644 (49.0%) 3786 (51.0%) 7430 

 

 

Table 2 (below) shows how the response status was dependent on mother’s 

age (older mothers were more likely to answer, with the age difference being 

7 months, on average), as well as mothers to a female child were more likely 
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to answer, smokers and quitters answered less frequently. The importance of 

Tables 1 and 2 is to show, in the Finnish dataset, effects similar to those 

reported earlier for the Swedish RCT dataset (Kieler et al., 1998c; 

Waldenstrom et al., 1988). These are not necessarily important for each of 

the separate RCT studies with handedness as an outcome, when handedness 

was available (53% reponse rate in the Finnish dataset). For meta-analyses, 

for combined data, these kind of considerations have not been made. 

Table 2. Multivariate logistic regression; association of response status with 
covariates 

Covariate OR P  95% CI 
Mother’s age 1.02 <0.01 1.01 to 1.03 

Control group 1.00  Reference category 
Ultrasound scanning group 1.05 0.28 0.96 to 1.15 

Sex of the child (boys) 1.00   

Sex of the child (girls) 1.14 0.01 1.04 to 1.25 
Non-smoker 1.00  Reference category 

Quit due to pregnancy 0.86 0.04 0.74 to 0.99 
Smoker 0.65 <0.01 0.57 to 0.72 

Apgar scores 7 to 10 1.00  Reference category 

Apgar scores 0 to 6 0.95 0.80 0.65 to 1.40 

  

5.1.3 REVISITING THE META-ANALYSES OF ULTRASOUND STUDIES 
– SENSITIVITY ANALYSES 

Sensitivity analysis can be done by excluding each one of the three studies, 

one at a time, from the latest meta-analysis (Salvesen, 2011) (see Figures 7 to 

10 below). The results with all three RCT studies included is presented in 

Figure 7, showing statistically significant elevation of the proportion of left-

handedness in the group scanned by ultrasound. There was also an earlier 

meta-analysis (Salvesen & Eik-Nes, 1999) before the Finnish RCT study 

(Study I) was available. The result of that meta-analysis remained non-
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significant, as shown by Figure 8. It, however, reported its concern of the 

subgroup of boys having a statistically significant increase of NRH in the 

ultrasound scanning group (OR = 1.26, 95% CI = 1.03 to 1.55, p = 0.026). 

Figure 9 shows the most important result: the statistically non-significant 

result when the Norwegian study is excluded from the final meta-analysis of 

Salvesen (2011), with only the two other RCT studies included. That result 

confirms the expectation that the Norwegian study (Salvesen et al., 1993) 

(being the only individual RCT study with a significant result) alone is 

responsible for the significance in the results of applied meta-analyses. 

Information taken from the publications of the RCT studies and their meta-

analyses also clearly shows how the results by sex or both sexes together 

change from statistically significant to non-significant when skipping from 

one RCT study to another and from one meta-analysis to another. 

Figure 10 shows a respective meta-analysis result when the Swedish RCT 

study is excluded, again demonstrating the lead role of the Norwegian study in 

the results becoming statistically significant. Going further, although not 

shown in Figure 10, the subgroup of girls would, in this case, have a statistically 

significant result (OR = 1.23, 95% CI = 1.00 to 1.52, p = 0.048) (while the 

subgroup of boys would not), in contrast to the subgroup of boys in the meta-

analysis of the Swedish and Norwegian RCT studies combined (Salvesen & 

Eik-Nes, 1999). 
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Figure 7 Graphical presentation of the meta-analysis of Salvesen (2011) rerun from 

its tabulated results, with all three RCT studies included, this is thus a 
reproduced picture of Salvesen (2011). Higher OR means increased left-
handedness in the scanned children. 

 
Figure 8 Meta-analysis with the Finnish RCT study excluded. This graphical 

presentation is derived by running the graph of Figure 7 excluding the 
Finnish RCT reults, and thus demonstrates the results of Salvesen & Eik-
Nes (1999). Higher OR means increased left-handedness in the scanned 
children. 
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Figure 9 Meta-analysis based on Salvesen’s (2011) latest meta-analysis, here with 

the Norwegian RCT study excluded. Higher OR means increased left-
handedness in the scanned children. 

 
Figure 10 Meta-analysis with the Swedish RCT study excluded, the significance of the 

result is considered to depend on the Norwegian study. Higher OR means 
increased left-handedness in the scanned children. 
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5.2 RESULTS OF STUDY II  

Study II found a small difference in the proportions of left-handedness 

between singletons and twins (twins 9.67%, singletons 8.27%, p = 0.04), but 

no difference between the zygosity groups (MZ 10.2%, DZ 10.4%, p = 0.74) 

(DZ = Dizygotic). However, there was a small (132 g) but significant (p < 

0.0001) difference in birthweights between the two zygosity groups, while 

the difference between twins and singletons was much higher: 884 g. The 

difference found in the proportion of left-handedness between twins and 

singletons diluted when adjusting by covariates which differ between twins 

and singletons (i.e., birthweight, Apgar scores and gestational age). Other 

features were that the associations of correlates with handedness were 

borderline at most among twins, while singletons did not show such 

associations at all, except for sex. The number of cases tested for correlates, 

however, were somewhat smaller in our singleton datasets than in our twin 

datasets, when prenatal correlates were unavailable for the partners of FT16 

(= FinnTwin16) twins. Study II also confirmed the known sex difference in 

the proportion of left-handedness in all subgroups: ultrasound singleton men 

9.9% vs ultrasound singleton women 7.1% (p = 0.001), FT12 twin men 11.04% 

vs FT12 twin women 7.8% (p < 0.001), FT16 partner men 9.95% vs FT16 

partner women 5.83% (p = 0.001), and FT16 twin men 11.05% vs FT16 twin 

women (p = 0.04).  

5.3 RESULTS OF STUDY III 

Study III confirmed the expectation that lower birthweight was associated 

with a higher proportion of left-handedness in both the Japanese (OR = 0.50, 

95% CI = 0.31 to 0.78, p < 0.01) and Dutch (OR = 0.62, 95% CI = 0.43 to 

0.90, p = 0.01) triplets. The associations remained similar when adjusting by 
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other covariates available: sex, mutual birth order, maternal age and 

infertility treatment. Left-handed participants additionally showed a delay in 

motor development (beta = 0.71, 95% CI = 0.003 to 1.42, p = 0.049). The 

delay, however, was fully explained by the lower birthweight of the left-

handed. Study III found no statistically significant association of mutual 

birth order with handedness and no statistically significant association of 

handedness with birth order. However, as a minor result, Study III 

graphically demonstrated the known association of birthweight with the 

birth order of multiples, already known from the literature (Kato & Asaka, 

2002). Strikingly, the association of sex with the proportion of left-

handedness among the Japanese females (10.9%) vs males (8.3%, p = 0.11) 

did not differ as expected. On the contrary, the sex difference was as expected 

in the Dutch cohort: females (11.3%), males (16.7%, p = 0.02). In terms of 

average birthweight, left-handers had a mean of 1599 g (95% CI = 1526 to 

1672) in Japan and 1794 g (95% CI = 1709 to 1879) in the Netherlands, and 

right-handers had means of 1727 g (95% CI = 1699 to 1777) and 1903 g (95% 

CI = 1867 to 1938 g), respectively.  

The association of gestational age with handedness was not statistically 

significant in the Japanese data (raw OR = 0.93, 95% CI = 0.86 to 1.00, p = 

0.06), in contrast to the Dutch data (raw OR = 0.91, 95% CI = 0.86 to 0.97, p 

= 0.01). We found no difference in the zygosity groups of the triplet 

individuals.  
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6 DISCUSSIONS 

The main finding of this thesis was that perinatal correlates have a small 

association with an increased prevalence of left-handedness. While we found 

a statistically significant increase (with the relative difference ranging from 

15% to 20%) of the proportion of left-handedness among twins, in 

comparison to singletons, the difference faded when explanatory correlates 

were added to the model. Another finding about that difference was its 

tendency of getting smaller over time, for newer birth cohorts, as the 

literature explains.  

A disappointment of Study I was that the results were negative, amplified 

by the finding that the randomization was incomplete. It was a disappointment 

because power was lost, confounding became probable and assumed 

ultrasound associations diluted by controls which were scanned. 

Unorthodoxically expressed, Study I had results near to statistically significant 

with a relative increase of left-handednes ranging from 10% to 25% and with 

the lower limit of the confidence interval near to unity (at best 0.98). A 

conservative conclusion is straightforward, but taking the background into 

consideration, more profound conclusions are not shortly put.  

Study III of triplets confirmed birthweight to be a more credible correlate 

of handedness than the birth order of multiple births. It also helped confirm 

the originally borderline result about birthweight in Study II.  

Our most prominent perinatal correlate was birthweight. On the 

contrary, gestational age, for example, remained less important. Analyses with 

triplets showed that left-handedness was associated with developmental 

delays in terms of motor control milestone measures and head circumference. 
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The developmental delay was completely explained by lower birthweight in 

our model fits.  

6.1 CONCLUDING REMARKS CONCERNING STUDY I 

6.1.1 ON THE NON-ROBUST META-ANALYSES OF THE 
ULTRASOUND STUDIES 

The final meta-analysis of ultrasound and handedness studies (Salvesen, 

2011) was done after Study I was published, and thus conclusions about that 

meta-analysis are also presented here, with a purpose to also compare the 

limitations of the separate studies belonging to that meta-analysis. 

The possible multi-testing feature of the originating study of the 

ultrasound hypothesis (Salvesen et al., 1993) is especially seen from the six 

outcome variables, also mentioned later in (Salvesen, 2002). The initial 

suspected outcome was not handedness but dyslexia, as given by (Stark, 

Orleans, Haverkamp, & Murphy, 1984), and according to Salvesen (2002) 

handedness was included because of the known association with dyslexia. 

The three RCT studies of the final meta-analysis (Salvesen, 2011) do also 

otherwise differ with their different weaknesses: Our RCT study was closer to 

ITT, while the other two were more RCT-like (because of having less cross-

over and higher response rates (70% vs 50%)). After Study I, the meta-analysis 

(Salvesen, 2011) continued to have borderline results (Kieler et al., 2002), 

because of the non-robustness shown by our sensitivity analyses. Also, 

according to the literature, the subgroups of boys and girls show non-

robustness in the three RCT studies (Study I; Kieler et al. (1998a); Salvesen et 

al. (1993)) and in the subsequent meta-analyses (Salvesen (1999); Salvesen 

(2011)). They show how the result was first statistically significant among boys 

and girls together in Salvesen et al. (1993), and then non-significant in another 

RCT study (Kieler et al., 1998a), after which a meta-analysis (Salvesen & Eik-
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Nes, 1999) found it statistically significant only in the subgroup of boys. Study 

I found it non-significant, also in separate sexes, but a final meta-analysis 

(Salvesen, 2011) still indicated significance, although not in boys or girls 

separately. Most importantly, a lack of robustness does not support the result, 

and only the first RCT study (Salvesen et al., 1993) is responsible for the meta-

analysis becoming statistically significant. Failure of original RCT studies to 

clarify (see Kieler et al., 2002) any harmful effects meant large case–control 

studies might be the next investigation approach (Kieler et al., 2001; Kieler et 

al., 2002). However, confounding is more possible in them. Criticizers 

(Abramowicz et al., 2002; Rothman, 2001), for instance, pointed to the known 

and unknown confounding correlates of handedness lacking from models.  

Overall, the hypothesis has commonly been regarded unconfirmed, 

taking into account other evidence, including the laboratory studies on bio 

effects and epidemiological studies of neurological adversities (Abramowicz, 

2012).  

Additional information of no shown harmful effects is given by other 

meta-analyses (for instance that of Torloni et al., 2009). That meta-analysis 

included RCT and other types of studies (and of course analyzed these study 

types separately), with many different outcomes from ultrasound exposure. 

Just like the first RCT study on handedness and ultrasound by Salvesen 

(1993), it showed that no known neurologically harmful outcome was 

associated with ultrasound. The only exception was NRH, which was directly 

based on the same two original ultrasound/handedness studies (Kieler et al., 

1998a; Salvesen et al., 1993). This should imply that no physical damage due 

to ultrasound would be involved. However, it rather directly suggests that the 

handedness finding could be a false positive, unimportant for safety 

speculations, or confounded.  
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Most importantly, we can conclude that handedness studies should not 

be used for banning ultrasound imaging services. For healthcare, it is 

important that unjust claims of the harmfulness of health services are not 

unnecessarily maintained. According to the statement of (Feinstein, 1995), 

methods other than epidemiological are to be used for ultrasound safety 

studies in the future.  

6.1.2 SUGGESTED CONFOUNDERS MAY HAVE A SMALLER IMPACT 
THAN ANTICIPATED 

This thesis is about probable correlates of handedness, so we shortly refer to 

suggested confounders of ultrasound studies, part of which we also dealt with 

in Studies I, II and III. Opposing authors justly suspected that Kieler et al. 

(2001) lacked covariates from their models, to make up (adjust) for 

confounding (Abramowicz et al., 2002). A major general difficulty is the, thus 

far, small association of any found correlate with handedness, as also noted 

by (de Kovel, Carrion-Castillo, & Francks, 2019). Their study considered 

handedness to be a multifactorial and multigenetic trait, noting that 

covariates tend to explain only a fraction of expected variation. This may very 

well mean that any suggested confounder has a minor impact. I think that 

time trends together with differences in the progress of open-minded 

attitudes toward nonright-handedness between urban and rural areas should 

be added to the suggested confounders in the two Swedish case–control 

studies (Kieler et al., 2001; Kieler et al., 2002) (see, for instance, Figures 3 

and 11).  

The confounders suggested by authors included birthweight and SGA 

newborns (Abramowicz et al., 2002), for other possible confounders, see also 

(Rothman, 2001). Maternal smoking was initially included in Study I as a 

candidate possibly correlated with handedness, but just like (Kieler et al., 
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1998a; Kieler et al., 2001) we could not see an association of smoking itself 

with handedness, and as confirmation, (de Kovel et al., 2019) also did not find 

smoking to be a correlate of handedness. Our finding of smoking cessation 

being associated with left-handedness in Study I may belong to the category 

of sporadic random findings, unfortunately common in handedness research. 

According to the title of this thesis, we here wanted to list confounders 

suggested to have some impact on handedness in ultrasound studies. 

6.2 CONCLUDING REMARKS FROM STUDY II 

Study II showed that left-handedness is more common in twins in 

comparison to singletons, with perinatal correlates explaining the difference. 

According to the literature, the difference between twins and singletons has 

been diminishing over time (Medland et al., 2003; Sicotte et al., 1999), 

probably indicating improvements in risk and multiple pregnancy 

healthcare. Study II was not in conflict with this view. In more detail, Study 

II showed that although the associations of birthweight, Apgar scores and 

gestational age with left-handedness were of borderline significance, having 

these in the model attenuated the difference of the proportion of left-

handedness between twins and singletons. These aspects of Study II have 

been supported by Medland (2003), who, by referring to Sicotte et al. (1999), 

had mentioned that the difference is usually attributed to prenatal and birth-

related complications and birthweight. Very recently, the study of de Kovel 

et al. (2019) also found a difference between multiples and singletons. Their 

models tried to explain the differences using many correlates. In contrast to 

Study II, their huge dataset (N ~400,000) allowed an excess proportion of 

left-handedness among twins to remain unexplained, in comparison to 

singletons. It does not necessarily contradict the view of twin-specific 

correlates explaining the difference, because they also lack covariates from 
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their models, with Apgar scores as only one given example. We can thus 

maintain the insight that the primary reason for twins to have more left-

handedness is probably in the harmful environment in utero, typical for a 

multiple pregnancy. In contrast to this, a study of a small sample size (N = 

67) suggests that the effect of preterm birth is clearer in twins than in 

singletons (Rönnqvist et al., 2016), although perhaps explainable by other 

twin-specific correlates. To make sure, a more accurate investigation of 

identical and non-identical twins could also be carried out with very large 

datasets, because mechanisms and risks differ between the zygosities, in 

addition to differing between twins and singletons. 

Study II (combined with Study III) in combination with the de Kovel et 

al. (2019) article, suggests that earlier publications were not wrong in 

reporting an excess proportion of left-handedness among twins and VLBW 

singletons (O'Callaghan et al., 1993a; Powls et al., 1996). Our studies 

additionally started considering the existence of a threshold for the association 

in the proximity of 1500 g (= by definition, the upper limit for VLBW) (More 

details in the next paragraphs). 

Gestational age is often regarded as important, also because it is 

associated with birthweight, but we could not see a consistent effect in 

gestational age. Because multiple pregnancies are automatically cases of SGA, 

one perhaps has to regard birthweight as more important than gestational age 

(Gluck, 1972), in multiple pregnancies.  

Apgar scores were of borderline significance in the models of Study II, 

but they remain one of the potential correlates of handedness and an 

explanatory covariate for the higher proportion of left-handedness among 

twins in comparison to singletons.  

The limitations of Study II include a harmonization effort hampered in 

the dataset of partners of the FT16 twins, because they did not have prenatal 
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covariates. Consequently, some power was lost, and probably confounding was 

introduced in the analysis of covariates. In all, twin–singleton comparisons 

seem to be a good way to investigate perinatal effects on handedness.  

6.3 CONCLUDING REMARKS FROM STUDY III 

Study III confirmed the result of Study II of an association between 

birthweight and the proportion of left-handedness, supporting the insight 

that multiple birth-specific correlates would be associated with handedness. 

Later publications confirm, with respect to birthweight (de Kovel et al., 

2019).  

Additionally, Study III also confirmed that gestational age did not have 

as straightforward an association with left-handedness as did birthweight, 

with the reservation of multiple birth pregnancies only tending to have equal 

gestational ages within multiplets, this being even more true for triplets than 

for twins. Additionally, triplets may also be regarded as cases of SGA. 

De Kovel et al. (2019) states that birthweight and left-handedness share 

no genetic basis, according to GWAS-analyses. Although this is about 

birthweight only, it still adds to the finding that zygosity groups of multiple 

births had no difference in the proportion of left-handedness in Studies II and 

III, supporting environmental effects in multiple births rather than genetic 

ones.  

Study III also supported the idea of developmental factors behind 

handedness differences in multiples. Motor control studies on handedness 

development may be right in mentioning the plasticity of the brain (Corbetta 

D et al., 2006; Klöppel et al., 2010), a possible keyword for developmental 

variation in handedness. It is also known that low birthweight increases the 

probability of delays in motor control development (de Kieviet JF, et al., 2009; 

Edwards J, et al., 2011), possibly increasing the proportion of left-handedness.  
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The limitations of Study III included the lack of developmental neural 

disorders. Instead, we had motor control milestone measures and head 

circumference, which both showed a difference between the left- and right-

handed triplets, but were explained by low birthweight.  

6.4 TRIPLETS, TWINS AND SINGLETONS, AND 
ADAPTIVE GROWTH 

Study III of triplets was a natural continuation for Study II of twins and 

singletons. In Study II, twins, unlike singletons, had an association of left-

handedness with birthweight. The earlier studies on singletons (O'Callaghan 

et al., 1987; O'Callaghan et al., 1993a; O'Callaghan et al., 1993b; Powls et al., 

1996), as well as Studies II and III, suggest that VLBW or ELBW would 

enhance the proportion of left-handedness. In this way, it would be more 

understandable that the association became clearer among triplets. In 

contrast, it would be harder to identify similar population-based singletons, 

because so few babies exist in the low end of the birthweight distribution, 

explaining the nondetected association among singletons in Study II. An 

additional important question remains about the association of birthweight 

with handedness among multiples: if there really is an extra difference 

between multiples and singletons (Blickstein et al., 2000), unexplained by 

correlates. About the mal-development accompanying multiple birth and 

birthweight, it would similarly be important to know whether multiples are 

healthier in comparison to singletons with similar birthweights. The results 

of de Kovel et al. (2019) in comparison to our results, raised these questions. 

6.5 FINAL CONCLUSIONS AND FUTURE PROSPECTS 

In our analyses, birthweight appeared to be the most important prenatal 

correlate of handedness, only surpassed by sex. Among twins, Study II was 
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able to show results like those of earlier VLBW and ELBW singleton studies. 

This we could, however, do among twins with only borderline significance, 

while our population-based singletons showed no association. Finally, Study 

III could, with two separate triplet datasets, show a statistically significant 

association between an increased proportion of left-handedness and lower 

birthweight, with birthweight being continuous in model. After Studies II 

and III, and with the original known singleton studies, we regarded it as 

plausible that multiple pregnancies in connection with their low birthweight 

were involved in this enhancement of the proportion of left-handedness. 

Later, de Kovel et al. (2019) confirmed with their study using a large UK 

biobank dataset that birthweight was a correlate of handedness. In their 

study, de Kovel et al. (2019) especially wanted to stress the weak explanatory 

power of their models and all their correlates, with birthweight included. We 

fully agree about what they say about weak associations. For us, it also means 

that the substantial environmental variation (75% of total variation) 

suggested by classical twin models remains unexplained. For left-handers, it 

is good news since harmful pregnancy environments so rarely seemed to 

affect the proportion of left-handedness. Although the total explanatory 

power of known correlates of handedness thus far is very small, the 

potentially harmful prenatal environment and assumed accompanying 

neurological defects are important for healthcare. Moreover, studying 

correlates of handedness is important because it increases our understanding 

of brain development. 
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Figure 11 Correlates of handedness. This picture shows how ultrasound exposure (in 
a non-RCT setting) is affected by other health hazards. The associations of 
any of the correlates with left-handedness is expectedly small, and the 
association between ultrasound and left-handedness may be non-causal or 
non-existent. I also expect that the twin effect goes through twin-specific 
correlates only. 

The purpose of Study I was to confirm the hypothesis about the association 

of prenatal ultrasound with an increased proportion of nonright-

handedness. With its results remaining negative, and with the unknown 

environmental confounding perhaps behind false conclusions (especially in 

case–control studies, which thus remained unadjusted), there continues to 

be an additional need to investigate the perinatal correlates of handedness. 

The ultrasound hypothesis was generally understood as a theory of the 

possible harmful effects of ultrasound, although the harmfulness aspect was 

often denied by the hypothesis. Harmful effects from prenatal ultrasound 

have, in fact, never been found (Kieler et al., 1998b; Kieler, Haglund, 

Cnattingius, Palmgren, & Axelsson, 2005; Salvesen et al., 1993). The same 
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observation of no shown harmful effects was already noted by the original 

study of the hypothesis (Salvesen et al., 1993) as well as associated meta-

analyses or systematic reviews (Salvesen, 2011; Torloni et al., 2009). Finally, 

as a reminder, healthcare continues to appreciate the limits of human 

knowledge by following the ALARA (As Low As Reasonably Achievable) 

principle (Abramowicz et al., 2008; Abramowicz, Fowlkes, Skelly, 

Stratmeyer, & Ziskin, 2008; Abramowicz, 2015), also included in regulations. 

In this study, twins and higher multiples turned out to be useful for 

investigating the associations of handedness with the perinatal environment. 

In addition to birthweight and Apgar scores, potential correlates of 

handedness could thus include other covariates which are typically different 

among multiples in comparison to singletons. These could add to the very 

small unexplained difference in the proportion of left-handedness between 

singletons and multiples, as reported by de Kovel et al. (2019). Additionally, 

potential confounding in ultrasound studies could similarly include many of 

the rare/weak correlates of left-handedness. Identification of weak correlates 

appears rather difficult. Based on evidence given by the nonexistent zygosity 

difference in the proportion of left-handedness, the diminishing difference 

between twins and singletons and considerations by other twin studies (Sicotte 

et al., 1999), the twin–singleton difference in the proportion of left-

handedness could rather be explained by the multiplet-specific pregnancy 

environment than by genes. The accompanying harms from that environment 

may previously have been overestimated, as discussed below. 

Study III discussed left-handedness to be developmental, probably 

without a traditional pathological explanation, suggesting that more subtle 

mechanisms in development would explain associations with correlates, 

instead of brain damage, very early disputed by (McManus, 1983) (for an 

earlier remark pointing to the possibility of no coexisting brain damage, see 
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also O’Callaghan et al, 1993b). There are more studies which indeed point to 

developmental damage and structural changes instead of direct neonatal brain 

damage as causes of left-handedness (Pascoe et al., 2015; Saigal et al., 1992; 

Volpe, 2009). Indirect clues against the pathology denial can be found, 

although not in relation to the enhancement of handedness itself: an example 

paper reports lesions owing to IVH, causing neurological morbidity (Watkins 

et al., 1989) among premature infants.  

For prospects, it would thus be informative to be able to test the same 

triplets we used for later neurological findings to see whether an increase in 

left-handedness as a function of lower birthweight would be diluted by real 

neurological findings. A more accurate picture of the nature of the neurological 

defects, if visible, is also of interest to allow for discussion about pathology 

versus other kind of mechanisms.  

Continued triplet studies would be of help in explaining why the study of 

de Kovel et al. (2019) found their association of left-handedness with 

birthweight to be more linear, or evenly distributed with respect to 

birthweight, in contrast to what we had concluded from Studies II and III. 

Although de Kovel et al. (2019) most importantly confirmed the association of 

birthweight with increased left-handedness, they had no enhancement of the 

association in the lower end of their birthweight distribution. Our first guess 

as to an explanation for this lack of enhancement would be the “healthy 

volunteer effect” of their biobank dataset, as also offered by de Kovel et al. 

(2019) themselves. That effect would have excluded the neurologically 

hampered from their analyses. Another explanation would consider twins and 

triplets to have their association with left-handedness as otherwise different 

in comparison to singletons.  

The importance of low birthweight among triplets in scientific studies of 

morbidity and mortality is also highlighted by a recent triplet study of (Shah 



Discussions 

80 

et al., 2018) which claims, as one answer to a question which we raised above, 

that triplets of VLBW are not at all different with respect to their morbidity or 

mortality in comparison to singletons of respective birthweight. In these ways, 

research of triplets, twins and singletons will continue to illuminate 

mechanisms of neural development in the state of growth restriction, 

increasing our common understanding of handedness and brain development. 

Epigenetics has also emerged as a new branch in handedness studies, 

since it is believed to be linked with brain development and mental disorders 

(Mansuy & Mohanna, 2011; Ocklenburg et al., 2017; Peter et al., 2016; 

Schmitz, Metz, Gunturkun, & Ocklenburg, 2017; Szutorisz & Hurd, 2016). We 

also keep following epigenetic studies like that of (de Kovel, Lisgo, Fisher, & 

Francks, 2018; Ocklenburg et al., 2017) (see also Tollefsbol, 2017) with 

interest.  

In summary, the results of this thesis indicate that adverse perinatal 

conditions do have a small impact on the proportion of left-handedness, with 

real adverse neurological outcomes remaining to be shown, in connection with 

the increased proportion of left-handedness. In particular, using twins and 

triplets we were able to show that lower birthweight is associated with an 

increased proportion of left-handedness and thus we were able to support 

earlier results from studies of VLBW and ELBW singletons of O’Callaghan et 

al. (1987) and Powls et al. (1996) and, in part, from studies of preterm births 

(Domellof et al., 2011).  

Additionally, other multiple birth–specific risk factors, with low Apgar 

scores included, may contribute. In contrast to our positive findings in Studies 

II and III, prenatal ultrasound exposure in Study I remained without support. 

Additional sensitivity analyses, together with reviewing the literature 

(Abramowicz et al., 2002; Rothman, 2001; Torloni et al., 2009), also point to 

no real epidemiological, physical or physiological basis for the association 
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between prenatal ultrasound exposure and handedness. In terms of 

gestational age, preterm birth seemed to be a less important factor behind the 

impact on an increased proportion of left-handedness, in comparison to 

birthweight, as long as multiple births are concerned. In Study III, we also 

showed the left-handed triplets to have a tendency of delayed development in 

comparison to the right-handed ones, with this difference being explained by 

lower birthweight. The brain injury-driven mechanism hypothesized by the 

early literature (Satz, 1972) has not been confirmed to be behind the 

association of VLBW with the increased proportion of left-handedness. More 

subtle brain changes or injuries may be involved. Thus, more developed MRI 

(Magnetic Resonance Imaging) techniques and larger epidemiological 

datasets like the triplet datasets used here should be used to investigate 

mechanisms behind the low birthweight–left-handedness association. Owing 

to the small associations reported, handedness development still mostly 

remains a mystery.  
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