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Abstract
To investigate effects of visual experience versus preprogrammed mechanisms on visual
development, we used multiple regression analysis to determine the extent to which a variety of
variables (that differ in the extent to which they are tied to visual experience) predict luminance and
chromatic (red/green) contrast sensitivity (CS), which are mediated by the magnocellular (M) and
parvocellular (P) subcortical pathways, respectively. Our variables included gestational length (GL),
birth weight (BW), gender, postnatal age (PNA), and birth order (BO). Two-month-olds (n = 60) and
6-month-olds (n = 122) were tested. Results revealed that (1) at 2 months, infants with longer GL
have higher luminance CS; (2) at both ages, CS significantly increases over a ~21-day range of PNA,
but this effect is stronger in 2- than 6-month-olds and stronger for chromatic than luminance CS; (3)
at 2 months, boys have higher luminance CS than girls; and (4) at 2 months, firstborn infants have
higher CS, while at 6 months, non-firstborn infants have higher CS. The results for PNA/GL are
consistent with the possibility that P pathway development is more influenced by variables tied to
visual experience (PNA), while M pathway development is more influenced by variables unrelated
to visual experience (GL). Other variables, including prenatal environment, are also discussed.
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Introduction
The extent to which development is governed by “nature” versus “nurture” is a topic that has
been discussed since the time of Aristotle. The nature argument proposes that development is
dictated by genetic factors that are unaffected by an animal’s environment, which we refer to
as “preprogrammed” development. The nurture argument proposes that experience plays a
prominent role in development. With the advance of neuroscience in the last century, much
empirical progress has been made on the nature/nurture debate, with clear evidence for both
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effects (sometimes referred to as “experience-independent” and “experience-dependent”
effects; e.g., Crair, 1999). Perhaps the most progress has been made in the field of visual
development due to the relative ease of manipulating the visual environment of a developing
animal. Vision studies have been conducted in both human and animals, although the bulk of
the data is from animals, and we generally restrict the discussion to monkeys as their visual
systems are known to be very similar, in both structure and function, to that of humans (e.g.,
De Valois, Morgan, Polson, Mead, & Hull, 1974; Golomb, Andersen, Nakayama, MacLeod,
& Wong, 1985; Jacobs, 2008; Newsome, Britten, & Movshon, 1989; Newsome & Paré,
1988).

To date, most studies investigating whether visual development is governed more by
preprogrammed mechanisms versus visual experience have asked whether visual experience
is necessary, with the assumption that if it is not, preprogrammed mechanisms can solely guide
development. Obviously, one way this can be addressed is to determine whether the newborn’s
visual system is adultlike. Although common sense suggests otherwise, it is not unreasonable
to speculate that there may be some aspects of visual development that are completed in
utero (and thus do not require visual experience). In support of this possibility, cell mitosis and
differentiation in the anterior segment, retina, and optic nerves are completed by 30 weeks of
gestation in humans (for a review, see Birch & Bosworth, 2004; Birch & O’Connor, 2001),
and cortical ocular dominance columns are in place before birth (Horton & Hocking, 1996;
Rakic, 1976). Still, these relatively complete aspects of visual development that occur in
utero pale in comparison to the multitude of other aspects of visual development that take
months or years to become adultlike, such as myelination of axons (Stiles, 2008).

Given that the newborn’s visual system is clearly not adultlike, the most common way the
necessity of visual experience has been investigated involves asking whether postnatal
development proceeds normally (and reaches the adultlike state) when the system is deprived
of visual input. [The same question of necessity cannot easily be asked for preprogrammed
development as this would require inactivating all the relevant genes, although the knockout
mice model promises to provide insight into the question (for a review, see Welzl, D’Adamo,
Wolfer, & Lipp, 2006).] In animals, this has been accomplished by dark rearing (Hendrickson
& Boothe, 1976; Regal, Boothe, Teller, & Sackett, 1976) or lid suture (Blakemore & Vital-
Durand, 1983; Harwerth, Smith, Boltz, Crawford, & von Noorden, 1983) after birth. Another
variation of this experiment is to ask whether retinal input is necessary, by silencing retinal
neurons using action potential blockers, such as tetrodotoxin (e.g., Shatz & Stryker, 1988). In
humans, study of individuals who were visually deprived at birth due to congenital cataracts
allows the necessity question to be addressed. Although a full review of the results from such
studies is outside the scope of this Introduction, in brief, deprivation studies reveal different
degrees of abnormal development depending on the function studied and the length of
deprivation (for a review, see Boothe, Dobson, & Teller, 1985). Most relevant to the current
study, contrast sensitivity is quite abnormal, particularly for medium to high spatial
frequencies, in humans who experience early visual deprivation (e.g., Birch, Stager, Leffler,
& Weakley, 1998; Ellemberg, Lewis, Maurer, & Brent, 2000; Ellemberg, Lewis, Maurer, Lui,
& Brent, 1999; Maurer & Lewis, 1993; Tytla, Maurer, Lewis, & Brent, 1988). Because contrast
sensitivity is thought to be mediated at or before the level of primary visual cortex (V1)
(Boynton, Demb, Glover, & Heeger, 1999; Hawken & Parker, 1990; Palmer, Cheng, &
Seidemann, 2007; although this may not be the case early in development, see Stavros &
Kiorpes, 2008), this suggests that areas at or before the level of V1 are prone to the effects of
visual deprivation. In sum, the results of deprivation studies demonstrate that visual experience
is necessary, and thus by logical extension, preprogrammed mechanisms are not sufficient, for
normal postnatal development of most aspects of vision.
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Obviously, the most parsimonious description of visual development is that both
preprogrammed mechanisms and visual experience are important. And, of course, it is now
well accepted that the two forces do not act in isolation but rather interact. Specifically, the
environment can affect gene expression, and genes can predispose an organism to seek out
certain environments (for reviews, see Gottlieb, 1998; Stiles, 2008). Although this concept of
gene/environment interaction is typically discussed outside the domain of vision, there is a
very similar discourse in the vision field regarding how visual experience may guide biological
development (for reviews, see Crair, 1999; Feller & Scanziani, 2005; Kiorpes & Movshon,
2004; Movshon & Van Sluyters, 1981). The nature of this guidance has been conjectured to
take one of two forms. First, visual experience may permit biological development, either by
triggering biological events (such as gene expression) or by allowing them to proceed in their
preprogrammed fashion. Second, visual experience may instruct biological development,
sculpting it to the statistics of the environment. Evidence for an instructive role has been shown
in studies that rear animals in an environment with selective visual input, for example, with
only one eye open (e.g., Horton & Hocking, 1997; for a review, see Boothe et al., 1985) or
with both eyes receiving a selective set of visual cues (orientation: Hirsch & Spinelli, 1970;
Muir & Mitchell, 1975; Movshon & Van Sluyters, 1981; motion: Cynader & Cmerneko,
1976; Kennedy & Orban, 1983; Pasternak, Schumer, Gizzi, & Movshon, 1985; color: Brenner,
Cornelissen, & Nuboer, 1990; Sugita, 2004). An example of a naturally occurring type of visual
instruction is the “oblique effect,” i.e., acuity and contrast sensitivity are better for vertical and
horizontal orientations than for oblique orientations (adults: Appelle, 1972; Campbell,
Kulikowski, & Levinson, 1966; Mitchell, Freeman, & Westheimer, 1967; infants: Sokol,
Moskowitz, & Hansen, 1987, 1989; Teller, Morse, Borton, & Regal, 1974), which is thought
to be driven by there being greater prevalence of, and thus greater experience with, cardinal
orientations in the environment (Baddeley & Hancock, 1991; Bosworth, Bartlett, & Dobkins,
2006; Coppola, Purves, McCoy, & Purves, 1998; Keil & Cristobal, 2000; Switkes, Mayer, &
Sloan, 1978; van der Schaaf & van Hateren, 1996).

In the current study, we investigated effects of visual experience versus preprogrammed
development, not by removing or manipulating visual experience as other studies have done
but by asking whether a variety of variables (that differ in the extent to which they are tied to
visual experience) predict variance across subjects in visual performance. Using a multiple
regression analysis (MRA), our predictor variables were gestational length, birth weight,
gender, postnatal age, and birth order, which we chose because they have all been shown to
predict visual and non-visual behaviors (see Discussion). Our visual performance measures
were luminance (light/dark) and chromatic (red/green) CS, which are thought to be mediated
by the magnocellular and parvocellular subcortical pathways, respectively (Lee, Pokorny,
Smith, Martin, & Valberg, 1990; Shapley, 1990; Smith, Pokorny, Davis, & Yeh, 1995; for an
opposing point of view, see Lennie & D’Zmura, 1988; for the possibility that CS is mediated
by the M and P representations at the level of visual cortex, see Discussion section). These
pathways make up the bulk of the projections from the retina to area V1. There has been some
evidence that P pathway development is more dependent on visual experience (i.e., in general,
early visual deprivation leads to greater deficits on P than on M pathway tasks: Bradley &
Freeman, 1981; Davis et al., 2006; Demirci et al., 2002; Hess & Howell, 1977; Levi &
Harwerth, 1977; but see Zele, Pokorny, Lee, & Ireland, 2007), and that M pathway development
may be more susceptible in genetic-based developmental disorders (for a review, see Braddick,
Atkinson, & Wattam-Bell, 2003). Thus, we hypothesized that predictor variables likely tied to
visual experience (e.g., postnatal age) would account for more variance in our P than our M
pathway measure, while predictor variables not tied to visual experience, and thus more likely
tied to preprogrammed development (e.g., birth weight or gestational length), would account
for more variance in our M than our P pathway measure. We also entertained a third possibility,
which is that prenatal environment could contribute to the effects observed in the current study.
This is based on a large literature showing that prenatal environmental factors (e.g., maternal
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nutrition, immune response, smoking/drug use, teratogens, etc.) affect development in many
domains (for reviews, see Blanchard, 2001; Dalby, 1978; Khera, 1981; Leader, Wong, &
Deitel, 1981).

Methods
Subjects

Subjects were recruited via mass mailings of 3,000 to 4,000 letters sent each month to new
parents residing in San Diego County. Interested recipients of letters called the laboratory to
enroll (which typically occurred when the infant was between 2 and 6 weeks old). Infants with
impairments (neurological, ocular, visual, or hearing), illnesses, or pregnancy/labor
complications, based upon parent reports, were not tested. Because we employed red/ green
stimuli, also excluded were infants with a greater than 50% chance of colorblindness; for
example, male infants whose paternal grandfather was known to be colorblind. A total of 182
infants participated and fell into one of two age ranges: 2-month-olds (n = 60) or 6-month-olds
(n = 122). Data from the 2-month-old group were comprised of infants who served as control
infants in a study investigating contrast sensitivity in premature infants (Bosworth & Dobkins,
2008). Data from the 6-month-old group were comprised of infants who served as control
infants in a study investigating contrast sensitivity in infants at risk for autism spectrum
disorders (see Supplementary materials of McCleery, Allman, Carver, & Dobkins, 2007). At
the time of enrollment, parents provided the following information about their infant: gender,
birth order (BO), birth weight (BW), and due date. Parent report has been shown to be quite
accurate for BW and due date when the information is obtained soon after birth (Seidman,
Slater, Ever-Hadani, & Gale, 1987), which is the case in the current study. With regard to
obtaining BO information, we confirmed that non-firstborn infants had older siblings who lived
in the same household, and that firstborn infants did not have older step- or half-siblings who
lived in the same household.

Gestational length (GL) and postnatal age (PNA) on the first day of testing were restricted by
criteria employed by our laboratory, which was ~±15 days. For PNA, ±15 refers to scheduling
the first day of testing for an infant within ±15 days from the desired month-birthday. For GL
(which was calculated, in part, from due date, see below), ±15 refers to including infants who
were born ±15 days from their due date. In both our 2- and 6-month-old samples, both GL and
PNA turned out to be normally distributed,1 and PNA and GL also ended up with roughly
equal variances (see below). GL was calculated from the difference between an infant’s birth
date and due date. For example, if an infant was born 3 days “late,” we considered their GL to
be 266 days (which is an estimate of the “standard” GL for infants, based on a 38-week, post-
conception, gestation period) + 3 days = 269 days. Note that while the value we chose for the
“standard” GL (i.e., 266 days) could be debated, it is inconsequential for our statistical analyses.
Also, we are of course aware that some variability in our GL measure will be due to error in
predicted due date, the latter derived based on ultrasound dating, typically within the first
trimester (86% of our sample) or last menstrual period, LMP (13% of our sample). We model
the effect this error might have had on our results in Appendix A.

In our final samples, for 2-month-olds, PNA ranged from 54 to 77 days (mean = 63.3 days;
SD = 5.1 days; range = 23 days), GL ranged from 251 to 283 days (mean = 264 days, SD = 6.4

1Our GL values were normally distributed because the real-world distribution is normal (see Sladkevicius et al., 2005; Tunon, Eik-Nes,
Grottum, Von During, & Kahn, 2000), and because we randomly sampled over a range (±15 days from the due date) that captures a large
extent of the real-world range. We believe the PNA distribution was normal because our lab coordinator, who calls parents for the study,
attempts to get an infant in right at the time of their month-birthday. If this is not possible for the parent (or if the day is a weekend), then
the infant is scheduled for another day that is as close as possible to their month-birthday. The extent to which this “other day” differs
from their month-birthday varies in a normal distribution.
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days; range = 32 days), and mean birth weight was 7.8 lb (SD = 0.88 lb). For 6-month-olds,
PNA ranged from 171 to 191 days (mean = 181.9 days; SD = 4.4 days; range = 20 days), GL
ranged from 252 to 281 days (mean = 264 days, SD = 6.8 days; range = 29 days), and mean
birth weight was 7.9 lb (SD = 0.91 lb). As would be expected, the 2- and 6-month-olds did not
differ in GL (F(1,179) = 0.1, p = 0.75) or birth weight (F(1,179) = 0.35; p = 0.55). With regard
to comparisons between ages, Levene’s statistical test of equal variance revealed no difference
between 2- and 6-month-olds in PNA variance (F(1,180) = 0.54; p = 0.46) or GL variance (F
(1,180) = 1.12; p = 0.29). With regard to comparisons between PNA and GL variances (which
cannot be done statistically, but can be done by inspection of their standard deviations, see
above), there is roughly equal variance between the two predictor variables in the 2-month-old
group. In the 6-month-old group, there was a greater difference between PNA and GL variance,
but we think this difference highly unlikely to account for our results since we found the
opposite of what might be predicted from this difference; the variable with less variance (PNA)
predicted contrast sensitivity, while the variable with more variance (GL) did not.

On a final note, for all of our statistical analyses, GL and PNA values were entered as linear
days, but we also analyzed the data using logged values. The results were nearly identical, and
thus we only present the results for linear days. In addition, using linear days is preferred
because it makes slopes of regression lines easier to interpret.

Apparatus and stimuli
Luminance (light/dark) and chromatic (red/green) stimuli were presented on an Iiyama Vision
Master Pro 510 monitor (1024 × 768 pixels, 100 Hz) powered by a Dell Dimension computer
and viewed at a distance of 38 cm. Stimuli were horizontally oriented sinusoidal gratings
(moving upward or downward) with a spatial frequency of 0.27 cycles/degree and a temporal
frequency of 4.2 Hz. These parameters were chosen because they are near the peak of the
contrast sensitivity functions for young infants (e.g., Atkinson, Braddick, & Moar, 1977; Banks
& Salapatek, 1978; Dobkins, Anderson, & Lia, 1999; Hartmann & Banks, 1992; Rasengane,
Allen, & Manny, 1997).2 The stimuli subtended 11° × 11° and were centered 15° to the left or
right of the middle of the video monitor. The mean chromaticity of the gratings and the
background was CIE = 0.486, 0.442. The mean luminance of gratings and the background was
20 cd/m2 for 2-month-olds and 13 cd/m2 for 6-month-olds; the luminance difference between
ages being due to the fact that the data from 2- and 6-month-olds were obtained during the
course of different studies (see above). Contrast of stimuli is described in terms of cone
contrast, i.e., the amount of response modulation produced in the long-wavelength-selective
(L) and medium-wavelength-selective (M) cones in the eye (for methodological details, see
Dobkins et al., 1999; Gunther & Dobkins, 2002).

Determining red/green isoluminance—The red/green chromatic stimulus was presented
at the mean isoluminance value obtained from 22 adults, using standard motion photometry
(Dobkins & Teller, 1996b; Moreland, 1982; Teller & Lindsey, 1993). In this task, adults fixated
on a small dot in the center of a moving red/green grating and adjusted the luminance contrast
in the grating until the percept of motion was least salient. Each adult subject’s isoluminance
point was determined from the mean of 25 trials. The stimulus conditions for the motion
photometry procedure were identical to those employed in the main experiments (i.e., same

2We chose to use the same spatial frequency in 2- and 6-month-olds because collection of data from 6-month-olds (at 0.27 cycles/degree)
had started first and we did not want to go to lower spatial frequency for 2-month-olds. This is because the low end of the contrast
sensitivity function is pretty flat (e.g., Peterzell, Chang, & Teller, 2000; Peterzell, Kaplan, & Werner, 1995), making it difficult to
determine which spatial frequency in 2-month-olds is equivalent to 0.27 cycles/degree in 6-month-olds. For this reason, we thought it
safest to use the same spatial frequency at both ages. For temporal frequency, previous data on infant temporal contrast sensitivity functions
(e.g., Dobkins et al., 1999; Dobkins, Lia, & Teller, 1997; Rasengane et al., 1997) likewise led us to think it best to use the same temporal
frequency in 2- and 6-months-olds.
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size, orientation, spatiotemporal frequency). As previously discussed (e.g., Dobkins & Teller,
1996b), the justification for using the adult mean isoluminance value in our infant experiments
is based on previous experiments demonstrating that infant and adult mean isoluminance points
are highly similar for red/green stimuli (Bieber, Volbrecht, & Werner, 1995; Brown, Lindsey,
McSweeney, & Walters, 1995; Dobkins, Anderson, & Kelly, 2001; Maurer, Lewis, Cavanagh,
& Anstis, 1989; Morrone, Burr, & Fiorentini, 1993; Pereverzeva, Hui-Lin Chien, Palmer, &
Teller, 2002; Teller & Lindsey, 1989). Moreover, Brown and colleagues argue quantitatively
that the variability of isoluminance points across infant subjects is comparable to the variability
across adult subjects, when measurement error is taken into account. In previous studies, we
have calculated that the amount of luminance error likely to exist in our red/green stimuli is
below luminance contrast threshold for infants (see Dobkins & Teller, 1996b).

Obtaining contrast sensitivities
The dependent measures in this study were log luminance and log chromatic contrast
sensitivities (CS), which were obtained using forced-choice preferential looking (Teller,
1979) with the method of constant stimuli, as described in detail previously (see Dobkins &
Teller, 1996a, 1996b). Briefly, an adult experimenter held the infant 38 cm away from the front
of the stimulus monitor in the view of a video camera aimed at the infant’s face. On each trial,
a grating stimulus appeared on the left or right side of the video monitor (centered at 15°
eccentricity), and the experimenter used cues such as the infant’s head turning and gazing
behavior to judge the left versus right location of the stimulus. Chromatic or luminance gratings
were presented randomly across trials, as was one of five contrast levels (luminance = 1.25%–
80% cone contrast, chromatic = 1.25%–26% cone contrast). Stimuli remained present on the
video monitor until the experimenter made the left/right judgment, which was typically less
than two seconds. The experimenter’s answer was entered into the computer by pressing keys
on the keyboard and computer beeps provided feedback as to whether the experimenter was
correct. Our goal was to obtain 200 total trials per infant (100 trials × 2 conditions) over the
course of 2 or 3 days within a 1-week period. The mean number of total trials obtained per
infant was 158 (SD = 58) and 267 (SD = 40) for 2- and 6-month-olds, respectively.

For each infant, a psychometric curve was fit to chromatic and luminance data using Weibull
functions and maximum likelihood analysis (Watson, 1979; Weibull, 1951). Threshold was
defined as the contrast yielding 75% correct performance, and sensitivity was computed as the
inverse of threshold × 100. Sensitivity was then logged since log, but not linear, sensitivity
data conform to normal distributions (Graham, 1989). It is perhaps important to point out that
there should be no measurement-imposed restriction in the variance of the CS measure (which
if were the case, would lessen the chance of seeing effects of predictor variables on the CS
measure). This is because there was a large range of possible CS values, and subjects’ CS
values were neither at ceiling nor floor for our system (see scatter plots of data in Figure 1 and
Figure 2). (This is to be contrasted with other sorts of dependent measures, e.g., “number of
words produced at 10 months,” where the range/variance of the measure would clearly be
restricted.)

Multiple regression analyses (MRA)
Four separate MRAs were conducted, for two CS types (chromatic and luminance) and two
age groups (2-month-olds and 6-month-olds). For each of the four MRAs, we tested the
contribution of five different predictor variables. Three were continuous: gestational length
(GL), postnatal age (PNA), and birth weight (BW). Two were categorical: gender (boy/girl)
and birth order (BO, firstborn vs. non-firstborn).3 Note that we refer to these variables as
“predictors” because we hypothesize that each might contribute to variance in CS (see
Introduction). It is also for this reason that we simultaneously entered all predictors in our MRA
(as opposed to using a hierarchical approach).
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Before conducting the MRA, each variable was examined for acceptable skew, normality of
residuals, and multicollinearity. Shapiro–Wilkes W tests on dependent measures (luminance
and chromatic CS) and continuous predictor variables (GL, PNA, and BW) indicated that data
were normally distributed. Pearson correlation coefficients (r values) between continuous
variables tested for indications of overly high correlation among variables (for example, GL
and BW are likely to be intercorrelated). Pearson correlation coefficients are often the first step
in an MRA study, although unlike the MRA, they cannot control for possible covariates.
Pearson r values are presented in Table 1. We also investigated whether continuous predictor
variables (GL, PNA, and BW) differed between categorical predictor variables (gender: boy
vs. girl; BO: firstborn vs. non-firstborn). The results revealed gender differences for BW, with
boys being heavier as would be expected (p < 0.05), which is controlled for in the MRA. An
unanticipated difference was seen for PNA in 2-month-olds, where the non-firstborn group
was tested at a slightly, but significantly, older age than the firstborn group (p < 0.05). This is
a random skew in the data set, which is non-meaningful and is controlled for in the MRA. All
other variables were balanced across the categories.

Using SPSS, the four MRAs provided the following outputs:

1. The multiple R squared, R2, represents the percentage of variance in the dependent
measure (luminance and chromatic CS) accounted for by all the predictor variables
together.

2. The squared semipartial correlation coefficient, sr2, represents the percentage of
variance in the dependent measure (luminance and chromatic CS) uniquely accounted
for by a given predictor variable, once other variables have been taken into account.
The sr2 also represents how much the R2 would decrease if that given variable was
removed from the model. When the sr2 is statistically significant, that variable
accounts for a significant portion of the variance in the regression model.

3. The unstandardized regression coefficient, B, represents the slope of a given
variable’s effect while other variables are held constant.

4. The beta weight, β, is a standardized correlation coefficient measure, defined as the
amount (in standard deviations) that the dependent measure (luminance and chromatic
CS) changes for one standard deviation change in the predictor variable. β is often
thought of as representing the relative contribution or importance of a given variable
in the model, once other variables have been taken into account.

ANCOVA
As explained above, the MRAs were performed separately on the two CS types (luminance
and chromatic CS) and also separately for the two age groups (2-month-olds and 6-month-
olds). We therefore performed an analysis of covariance (ANCOVA) on all of the data together
to investigate effects of age group (2- vs. 6-month-olds) and whether age group interacts with
CS type (luminance and chromatic CS). The ANCOVA also allowed us to confirm/ disconfirm
effects that were seen in the MRA (for example gender effects) or effects that were seen in the
MRA that could not be tested statistically (for example, a reversal in the effect of BO between
2 and 6 months). The ANCOVA was also used to test specific interactions that test hypotheses
based on results from previous studies (Dannemiller, 2004 reported an interaction between
gender and BW on a visual performance measure in 2- to 5-month-olds; see Discussion). In

3Note that because the vast majority of our infants who were not firstborn were secondborn (i.e., only a few were thirdborn or fourthborn),
we made this variable categorical: firstborn versus non-firstborn. The number of firstborn versus non-firstborn infants was 41 and 19 for
2-month-olds and 73 and 49 for 6-month-olds.
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the ANCOVA, CS type was the repeated-subjects variable, Age Group, Gender, and BO were
between-subjects factors, and PNA, BW, and GL were included as covariates.

Results
Pearson correlation coefficients (r values) for continuous variables

Table 1 presents r for the two age groups (2-month-olds and 6-month-olds). In 2-month-olds,
there was a significant correlation between GL and luminance CS and between PNA and
chromatic CS. In 6-month-olds, there was a significant correlation between PNA and both
luminance and chromatic CS. As might be expected, BW and GL were correlated (i.e., infants
with shorter GL had lower BW), although this effect was only significant for our sample of 6-
month-olds (we think the lack of an effect in 2-month-olds was due to insufficient power). Two
unanticipated findings were seen in 2-month-olds. First, there was a correlation between BW
and PNA. This is a random skew in the data set, which is non-meaningful and is controlled for
in the MRA. Second, there was a correlation between BW and chromatic CS. This effect, which
goes away in the MRA, is likely driven by a combination of the unanticipated (i.e., spurious)
correlation between BW and PNA and a genuine correlation between PNA and chromatic CS.

Luminance and chromatic CS were found to be strongly correlated (2 months: r = 0.66, p <
0.0001; 6 months: r = 0.62, p < 0.0001). These correlations are driven by one or both of two
factors. First, it is likely driven by the fact that PNA correlates positively with both types of
CS (in other words, both types of CS are increasing with age). Second, it could be driven by a
true interrelated-ness between luminance and chromatic CS, i.e., by a single source of
variability for the two. Interestingly, while factor analysis studies in adults have demonstrated
independent sources of variability for the two types of CS (Dobkins, Gunther, & Peterzell,
2000; Gunther & Dobkins, 2002, 2003; Peterzell & Teller, 2000), a previous study in 4-month-
olds reported a single source of variability (Peterzell et al., 2000). However, as in the current
study, it is possible that the Peterzell et al. (2000) finding could have been driven by small
PNA variations in their sample. At the current time, we cannot distinguish between the two
possibilities, PNA-driven correlation versus true intercorrelation between luminance and
chromatic CS; however, we feel strongly that luminance and chromatic CS cannot be
completely accounted for by a single source of variance since our MRA results (below) show
differential effects of various variables on the two types of CS.

Multiple regression analyses (MRA)
Table 2 presents the results from four MRAs, for the two age groups (2-month-olds and 6-
month-olds), and the two different CS types (luminance and chromatic CS). As described in
the Methods section, the MRA computes the unique contribution of a given predictor variable,
represented by sr2, taking all other variables into account. Controlling for the effects of other
variables is especially important in cases where different predictor variables correlate with one
another, either in an anticipated or unanticipated way (see Table 1). The MRA also computes
an R2, which represents the percentage of variance in CS accounted for by all the predictor
variables together (often referred to as the “full model”). Residual variance represents variance
in the CS measure that is unaccounted for in the full model. Residual variance can be systematic
(i.e., mediated by variable(s) that were not tested in our model) or unsystematic (i.e., due to
noise in the measurement). R2 and residual variance values are shown at the bottom of each
subtable in Table 2.

In terms of the unique contribution of the different variables, the significant effects were as
follows. In 2-month-olds, both GL and PNA were significant predictors of luminance CS,
accounting for 7% and 9% of the variance, respectively. However, only PNA (and not GL)
was a significant predictor of chromatic CS, accounting for 21% of the variance. With regard
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to gender, boys had higher luminance CS than girls. With regard to BO, firstborn infants had
higher CS (both luminance and chromatic) than non-firstborn infants. In 6-month-olds, like
the results of 2-month-olds, PNA was a significant predictor of luminance and chromatic CS,
accounting for 5% and 4% of the variance, respectively. And, with regard to BO, non-firstborn
infants had higher CS than firstborn infants (the effect was significant for luminance CS and
marginally significant for chromatic CS). Interestingly, this BO effect is opposite in 6-month-
olds as compared to 2-month-olds, which is further supported by the results of the ANCOVA
(below).

Since PNA was found to be a significant predictor of luminance and chromatic CS in both 2-
and 6-month-olds, we investigated whether PNA was a stronger predictor in the younger versus
older group. Using a formula for comparing two-sample regression coefficients provided by
Clogg, Petkova, and Haritou (1995; and see Paternoster, Brame, Mazerolle, & Piquero,
1998), PNA was found to be a marginally stronger predictor of chromatic CS in 2- than 6-
month-olds (β: 21% vs. 4%; z = 1.80; p = 0.07). Note that the variance of PNA did not differ
between the two age groups (see Methods), so this alone cannot underlie the age-related
difference in the effect of PNA on chromatic CS. In contrast to the results for chromatic CS,
for luminance CS, PNA was found to be an equally strong predictor in 2- versus 6-month-olds
(β: 9% vs. 5%; z = 1.06; p = NS). These findings suggest stronger PNA effects in 2- than 6-
month-olds, selectively for chromatic CS. We also used Levene’s test of equal variance to ask
whether the two age groups differed in residual variances (see Table 2). Residual variance did
not differ between 2- and 6-month-olds, for chromatic CS (F(1,180) = 0.075; p = 0.78) or
luminance CS (F(1,180) = 0.19, p = 0.89), which suggests that there are no differences between
the two age groups in (1) the amount to which another untested variable accounts for variance
and (2) the measurement error (this is despite the fact that 6-month-olds, on average, were
tested with more total trials; see Methods).

Within each age group, we also inspected whether PNA was a stronger predictor of chromatic
CS or luminance CS (and compared residual variance between the two CS types). For 2-month-
olds, PNA was a stronger predictor of chromatic CS (accounting for 21% of the variance) than
of luminance CS (accounting for 9% of the variance). By contrast, for 6-month-olds, PNA was
an equal predictor of chromatic CS (accounting for 5% of the variance) and luminance CS
(accounting for 4% of the variance). At both 2 and 6 months, residual variance was greater for
luminance than for chromatic CS (see Table 2). This difference suggests that (1) there are other
untested variables that account for more variance in luminance than in chromatic CS and/or
(2) there is more measurement error for luminance than for chromatic CS (perhaps because
infants find the luminance stimulus less interesting). Note, however, that the possibility that
there is less measurement error for chromatic than for luminance CS should not be taken as
the reason for why stronger PNA effects were found for chromatic CS (at least for 2 months)
since for other variables (specifically, gender and GL), stronger effects were found for
luminance CS at 2 months.

Scatter Plots
To visually demonstrate the effects of PNA and GL on contrast sensitivity revealed from the
MRA, we present scatter plots of the data in Figure 1 (PNA) and Figure 2 (GL). However, note
that these scatter plots and their regression lines cannot be derived directly from the outputs of
the MRA but instead are derived from linear regression lines between two variables, as
represented by the Pearson correlation coefficients (r values) for continuous variables in Table
1. Using the individual correlations as an approximation to results from the MRA is reasonable
since, with one exception, the results of the individual correlations and the MRA are in line
with one another. This exception is the effect of PNA on luminance CS in 2-month-olds, which
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was significant in the MRA (Table 2) but not in the individual correlation between PNA and
luminance CS (Table 1).

ANCOVA
An ANCOVA was conducted to investigate effects that could not be studied directly with the
MRAs. This includes investigating differences in contrast sensitivity (CS) between the two
age groups, 2- versus 6-month-olds, and whether age group interacts with CS type (luminance
and chromatic CS). In addition, the ANCOVA allowed us to confirm/disconfirm effects that
were seen in the MRA (for example, gender effects) or effects that were seen in the MRA that
could not be tested statistically (for example, a reversal in the effect of BO between 2 and 6
months). As would be expected, the results revealed a significant main effect of age group,
with higher CS in 6-month-olds than 2-month-olds (F(1,171) = 12.7; p = 0.0005). This effect
did not interact with CS type, suggesting comparable rates of luminance and chromatic CS
development between 2 and 6 months. The ANCOVA also revealed a main effect of gender,
with boys having higher CS than girls (F(1,171) = 4.7; p = 0.03). This result is generally in
line with the results from all four MRAs, which revealed higher contrast sensitivity in boys
than girls, although in the MRA this was only significant for luminance CS in 2-month-olds.
We believe that gender became significant in the ANCOVA as a result of pooling all subject
data. Finally, the ANCOVA revealed a significant interaction between age group and BO (F
(1,171) = 7.04; p = 0.009), which did not create a three-way interaction with CS type. This is
in line with the results from the MRAs, showing a reversal in the effect of BO between 2 months
(firstborn infants had higher CS) and 6 months (non-firstborn infants had higher CS).

Discussion
The current study investigated whether luminance and chromatic contrast sensitivity (CS) are
predicted by different variables that vary in the extent to which they are tied to visual
experience. We chose to study luminance and chromatic CS because they are thought to be
mediated by the magnocellular (M) and parvocellular (P) subcortical pathways, respectively
(Lee et al., 1990; Shapley, 1990; Smith et al., 1995; for an opposing point of view, see Lennie
& D’Zmura, 1988), and thus studying the development of these two types of CS should shed
light on the development of the two pathways.4 In addition, studying the effects of these
different variables on M and P pathway development may have clinical implications as the two
pathways have been conjectured to be differentially affected by early abnormal visual
experience as well as differentially susceptible in developmental disorders (see Introduction).
Although we refer to our luminance and chromatic CS measures as tapping the subcortical M
and P pathways, we should point out that CS measured at the behavioral level is unlikely to be
controlled solely within subcortical (i.e., M and P) pathways. Rather, CS is likely mediated by
a combination of contrast gain mechanisms at the cortical and subcortical levels. The fact that
the current study reveals differential effects of various variables on our intended M and P
pathway measures is consistent with a subcortical contribution, although it is certainly possible
that the observed effects occur on M and P representations at the level of visual cortex.

In the remainder of the Discussion section, for each variable that was found to predict CS in
the current study, we address the likelihood that this variable is tied to visual experience versus
preprogrammed development. And, when applicable, we address the possibility that prenatal
environment, although not providing visual experience, could contribute to our findings. This
is based on a large literature showing that prenatal environmental factors (e.g., maternal
nutrition, immune response, smoking/drug use, teratogens, etc.) affect many aspects of

4There is also a third subcortical pathway, referred to as the koniocellular (K) pathway. A lot less is known about this pathway, although
recent evidence suggests it is involved in processing blue/yellow information (for reviews, see Dobkins, 2000; Hendry & Reid, 2000).
This pathway will not be discussed further here.
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development (for reviews, see Blanchard, 2001; Dalby, 1978; Khera, 1981; Leader et al.,
1981).

Effects of gestational length (GL)
The MRA of the current study revealed GL effects only for luminance CS at 2 months. We are
not surprised by the finding of GL effects at 2 months, but not 6 months, because other studies
in our laboratory have shown a difference in CS between “preterm” infants (with atypically
short GL) and “full-term” infants at 2 months but not 6 months (Bosworth & Dobkins, 2008).
That is, effects of GL on CS seem to disappear by 6 months of age. But why were effects found
only for luminance CS, and not chromatic CS, at 2 months? Obviously, it cannot simply be
due to restricted variance in GL since the amount of variance was sufficient to reveal significant
effects on luminance CS. [In addition, note that the GL variance did not differ between 2- and
6-month-olds (see Methods), so this cannot account for a lack of GL effect at 6 months.]
However, it is possible that we missed significant effects of GL on chromatic CS at 2 months
due to noise in the data arising from error in the GL estimate. This type of noise would also
make the effect of GL on luminance CS at 2 months appear weaker than it actually is. To
address this, we conducted a simulation model using the known error in GL estimate (see
Appendix A). The results of this simulation suggest that error in GL estimate is unlikely to
account for finding a lack of effect of GL on chromatic CS at 2 months.

Clearly, the observed effects of GL on luminance CS are not tied to visual experience, and thus
we can say with certainty that GL is more likely tied to preprogrammed development than to
visual experience. If preprogrammed mechanisms do, in fact, account for the effect of GL on
luminance CS, this would mean that genetic/biological factors underlying maturation of
luminance mechanisms in the M pathway are developing at a substantial rate in utero, with the
result that an extra day in utero has implications for luminance CS measured postnatally.
However, there is another possibility that must be entertained; perhaps effects of prenatal
environment underlie variance in both GL and luminance CS at 2 months. One reasonable
candidate is maternal nutrition, which has been shown to correlate with GL (Delgado,
Martorell, Brineman, & Klein, 1982; Jacobson et al., 2008; Olsen et al., 2000; Olsen et al.,
1992; Rayco-Solon, Fulford, & Prentice, 2005; Rush, Stein, & Susser, 1980; Smuts et al.,
2003), as well as with BW (Godfrey, Robinson, Barker, Osmond, & Cox, 1996; Harding,
2001; Lou et al., 1994; Mora, Sanchez, de Paredes, & Herrera, 1981). [Note that, in general,
studies report effects of maternal nutrition on either GL or BW effects, without attempting to
investigate whether there are independent effects on BW and GL.] If maternal nutrition is also
correlated with visual performance measured postnatally, then maternal nutrition could be the
“third variable” (much cautioned against in correlational analyses), which drives the correlation
between GL and CS observed in the current study. Although we know of no study that has
investigated CS specifically, there is evidence that both prenatal maternal nutrition (e.g.,
Jacobson et al., 2008; although these results should be interpreted with caution since the study
did not use randomized assignment) and postnatal infant nutrition (e.g., dietary
supplementation of docosahexaenoic acid and arachidonic acid; Birch et al., 2007; Birch,
Hoffman, Uauy, Birch, & Prestidge, 1998; Hoffman et al., 2004; Makrides, Neumann, Simmer,
Pater, & Gibson, 1995; O’Connor et al., 2001) correlates with visual acuity in infants/children,
making this maternal nutrition hypothesis a possible account of our data. Of course, this account
must be considered in any study that finds a correlation between a measure of physiological
maturity at birth (e.g., gestational length, weight, length, or head circumference) and an
outcome measure. In fact, there is a sizeable literature showing that different aspects of
physiological maturity at birth predict visual performance (visual orienting at 2 to 5 months:
Dannemiller, 2004; attention to faces at 4 to 6 months: Camp, Jamieson-Darr, Hansen, &
Schmidt, 1990; visual recognition memory from 5 to 12 months: Rose, 1994) and non-visual
performance (language and gross movement at 4 years: Ounsted, Moar, & Scott, 1984; IQ in
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childhood: Churchill, 1965; Jefferis, Power, & Hertzman, 2002; Matte, Bresnahan, Begg, &
Susser, 2001; Scarr, 1969). Analyses that control for prenatal environment factors will help
determine whether correlations observed between physiological measures of maturity at birth
and later visual performance (as in the current and previous studies) are driven by these factors.

In any event, the current study’s finding of GL effects on luminance, but not chromatic CS,
indicates that M pathway development is more affected by GL than is P pathway development.
This could reflect a faster rate of M than of P pathway preprogrammed development in
utero. Alternatively, if the effect is tied to prenatal environment, it suggests that the M pathway
may be more affected by factors like maternal nutrition, possibly because M neurons are larger
than P neurons and therefore have greater metabolic demands (Glovinsky, Quigley, &
Dunkelberger, 1991; Perry, Silveira, & Cowey, 1990; Quigley, Sanchez, Dunkelberger,
L’Hernault, & Baginski, 1987; but cf. Crawford, Harwerth, Smith, Shen, & Carter-Dawson,
2000). At the current time, we cannot distinguish between the two possibilities.

Effects of PNA
The finding from our MRAs that PNA predicts chromatic and luminance contrast sensitivity
(CS) in 2-and 6-month-olds is not terribly surprising since both types of CS obviously increase
with age (FPL: Dobkins et al., 1999, 2001; Peterzell et al., 2000; visually evoked potentials
(VEP): Allen, Banks, & Norcia, 1993; Crognale, 2002; Kelly, Borchert, & Teller, 1997;
Morrone et al., 1993). Thus, given that the range of PNA in a sample is sufficiently large, a
significant age effect will be revealed. In the current study, the range was 23 and 20 days for
2- and 6-month-olds, respectively, and thus our results show that significant improvement in
luminance and chromatic CS occurs over this relatively short period of time (~3 weeks). In
addition, the current study shows differences in PNA effects between 2- and 6-month-olds and
between chromatic and luminance CS. Specifically, the MRA data showed that (1) PNA effects
on chromatic CS were stronger in 2- than 6-month-olds, whereas PNA effects on luminance
CS were statistically indistinguishable between 2- and 6-month-olds; and (2) PNA effects in
2-month-olds were stronger for chromatic than for luminance CS, while in 6-month-olds, PNA
effects were nearly identical for chromatic and luminance CS.

If we believe that postnatal development of luminance and chromatic CS is preprogrammed,
the PNA results of the current study could be explained by supposing that biological/genetic
factors dictate a different developmental trajectory for the M (luminance) and P (chromatic)
pathways. Specifically, the P pathway may be programmed to develop quickly early on (~2
months) followed by a slowing period (~6 months), while the M pathway may be programmed
to develop at a more even pace. If this scenario were true, we would expect longitudinal data
between 2 and 6 months to show a greater compressive non-linearity for chromatic than
luminance CS. However, this possibility is not supported by data from our laboratory, which
show that developmental trajectories for both chromatic and luminance CS are well described
by log functions, and thus by definition, the two functions have the same compressive non-
linearity (Bosworth & Dobkins, 2008). Nonetheless, we cannot rule out that preprogrammed
development dictates a different (possibly subtle) trajectory for M versus P pathway
development, which could underlie the differential effects of PNA observed in the current
study.

Alternatively, if visual experience plays a role in postnatal development and given that a longer
postnatal period affords greater visual experience, the PNA results of the current study could
be explained by supposing that visual experience has differential impact on the development
of the M and P pathways. Specifically, visual experience may exert stronger effects on the P
pathway than on the M pathway early on (~2 months) but equivalent effects later on (~6
months). There are at least two ways this effect could be mediated. First, it could be that the P
pathway is generally more amenable to being shaped by visual experience than is the M
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pathway. In line with this possibility are adult data from our laboratory showing greater
perceptual learning on a P pathway (chromatic CS) than on an M pathway (luminance CS) task
(Thurston & Dobkins, 2007, and see Heckman & Engel, 2006). Second, it could be that the P
and M pathways are equally amenable to being shaped by visual experience, but that the
statistics of the visual environment stimulate the P pathway more than the M pathway. For
example, this could occur if visual scenes contain relatively more frequent or higher contrast,
chromatic (red/green) versus luminance information, although this possibility is not supported
by studies measuring the chromatic/ luminance statistics of natural scenes (MacLeod, 2003;
Webster & Mollon, 1997). Still, it is possible that other visual properties that favor the P
pathway, such as high spatial frequency/low temporal frequency, are particularly prominent
in visual scenes (see Bex & Makous, 2002; Bosworth et al., 2006; Dakin, Mareschal, & Bex,
2005). In truth, it is more fitting to ask about the statistics of the infant’s visual environment,
where the statistics of scenes that contain toys, mobiles, etc., may be biased to stimulate one
visual pathway more than another (and may change as an infant starts to locomote and explore).
Finding a relationship between the statistics of the infants’ visual environment and the strength
of PNA effects on the different visual pathways would at least provide correlational evidence
for effects of visual experience (of the sort used to account for the “oblique effect” being driven
by a preponderance of cardinal orientations in the environment; see Introduction). Future
studies that analyze the statistics of the infants’ visual environment will be required to help
inform these possibilities.

In sum, if the PNA effects of the current study are, in fact, tied to visual experience, our results
suggest that early in development (~2 months) visual experience exerts stronger effects on the
P pathway than on the M pathway. This scenario is the flip-side of the asymmetry seen for GL
(tied to either preprogrammed development or prenatal environment), where stronger effects
were revealed for the M than for the P pathway measure (see above).

Gender effects
The current study revealed higher CS in boys than girls (ANCOVA results), which was driven
mainly by higher luminance CS in boys at 2 months (MRA results). Previous studies
investigating gender differences in visual abilities have yielded mixed results, depending on
the visual function and age tested. In a study of luminance CS, it was reported that girls
outperformed boys at 6 months (but not at 4 or 8 months; Peterzell et al., 1995), an effect that
was not seen in the current study (and note that many previous studies of CS did not explicitly
include gender as a variable for analysis; e.g., Banks & Salapatek, 1981; Dobkins et al.,
1999; Hammarrenger et al., 2003). With respect to other visual abilities, an advantage for girls
has been reported for vernier and stereoacuity (e.g., 3- to 6 months; for reviews, see Gwiazda,
Bauer, & Held, 1989; Held, Thorn, Gwiazda, & Bauer, 1996), while an advantage for boys has
been reported for visual accommodation (1 to 3 months; Horwood & Riddell, 2008) and mental
rotation (5 months; Moore & Johnson, 2008). One possibility is that gender differences in
visual performance arise from biological differences, either in preprogrammed development
determined from genes on the sex chromosomes or in testosterone levels.5 Gender differences
in visual performance have, in fact, been tied to differences in testosterone levels (monkeys:
Bachevalier, Hagger, & Bercu, 1989; humans: Held et al., 1996). The other possibility is that
gender differences in visual performance arise from differences in visual experience. It has
been shown that by 3 months of age, parents’ socialization habits are different with boys versus

5It is not clear whether testosterone should be thought of as being tied to genes or tied to environment. With regard to reproductive organs,
testosterone is produced predominantly in the male testes, with only small amounts produced in the female ovaries. Because the testes
develop in a preprogrammed way, based on the presence of the Y chromosome, one could argue that testosterone level is, in this respect,
under the influence of genes. However, because testosterone is also produced in the adrenal glands (of both genders) and because its
production and release are affected by environment (e.g., stress), testosterone levels are not tied entirely to genetic factors.
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girls (Donovan, Taylor, & Leavitt, 2007; Stern & Karraker, 1989), which could differentially
affect their visual experiences.

In addition to main effects of gender, it is also interesting to consider the possibility that gender
might interact with other variables. Raising this possibility is motivated by reports that the
relationship between BW and visual orienting in 2- to 5-month-old infants (Dannemiller,
2004)6 and between BW and IQ in 7-year-olds (Matte et al., 2001) is significantly stronger for
boys than girls. Given that maternal nutrition has an effect on both BW and later visual/non-
visual performance (see above), these larger effects of BW for boys might be accounted for by
the fact that the link between maternal nutrition and BW has been shown to be greater for boys
(Mora et al., 1981; possibly because boys grow faster, see discussion in Dannemiller, 2004).
In the current study, the MRA did not reveal an effect of BW on our visual measure, i.e., contrast
sensitivity. However, based on the results from Dannemiller (2004), we entertained the
possibility that we could have washed out a BW effect by including both girls and boys in the
MRA. To address this, we conducted a hypothesis-driven analysis in our ANCOVA,
specifically looking for an interaction between BW × Gender. Given the close association
between BW and GL and because we did find an effect of GL on our visual measure in the
MRA, we also looked for an interaction between GL and gender. Both these interactions came
up non-significant. The difference between the current result (no BW × Gender interaction for
contrast sensitivity) and that of Dannemiller (significant interaction between BW × Gender for
visual orienting) could be due to differences in the visual measure between the two studies or
differences in power between the two studies. Clearly, more studies are needed to address this
issue.

In sum, the current study observed gender effects, with 2-month-old boys having higher
luminance (M pathway) CS than girls. Further studies will be needed to determine whether
these differences are driven by gender differences in biological factors (testosterone/sex
chromosome genes), postnatal experience, or effects of prenatal environment. It is interesting
that the gender effect of the current study was seen in the same condition (i.e., luminance CS
at 2 months) that revealed significant effects of GL. If there is, in fact, a common mechanism
for the two effects, we could rule out postnatal experience as a possible mechanism (since
postnatal experience is not a component of GL). In any event, whatever the mechanism, our
results suggest that it affects the M more than the P pathway early in development.

Birth order (BO) effects
The current study revealed significantly higher CS (both luminance and chromatic) in 2-month-
olds who were firstborn yet significantly higher CS (both luminance and chromatic) in 6-
month-olds who were non-firstborn. Birth order effects have previously been addressed in the
literature, with perhaps the most studied outcome being intelligence (higher birth order is
associated with lower IQ score; Belmont & Marolla, 1973; Bjerkedal, Kristensen, Skjeret, &
Brevik, 2006; Boomsma et al., 2008) and sexual orientation (higher fraternal birth order is
associated with homosexuality; for a review, see Blanchard, 2008). In line with the notions
raised earlier in the Discussion section, the IQ/sexual orientation literature discusses two
factors that could contribute to the BO effect. The first is based on a proposed change in the
prenatal environment. Specifically, with increasing parity comes an increase in the probability
of maternal immune attack upon the fetal brain, a hypothesis referred to as the “maternal
immune hypothesis” (see Blanchard, 2001, 2004; Blanchard & Bogaert, 1996; Blanchard &
Klassen, 1997; Foster & Archer, 1979). The second factor that could contribute to BO effects
is presence of siblings, i.e., higher birth order children have more siblings. There is, in fact, a

6Dannemiller did not test the effects of gestational length directly; however, he noted that the birth weight effect is likely explained by
gestational length as well.
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literature that specifically addresses the influence of older siblings on younger siblings in the
domains of social, cognitive, and language development. Some of these studies report a benefit
of having an older sibling (Barr & Hayne, 2003; Barr, Hildreth, & Rovee-Collier, 2001; Brody,
2004; Hanna & Meltzoff, 1993; McHale & Updegraff, 2001; Oshima-Takane, Goodz, &
Derevensky, 1996; Perner, Ruffman, & Leekham, 1994), which is attributed to the younger
sibling interacting with (and learning from) the older sibling. Other studies report a detriment
of having an older sibling (Wellen, 1985; Woollett, 1986), which is attributed to less interaction
with parents whose resources are tapped by the older sibling. One way the two factors (prenatal
environment vs. presence/absence of siblings) have been teased apart has been to study
situations where parity dissociates from presence of siblings. In the field of sexual orientation,
Bogaert (2006) reported that biological brothers increase the odds of homosexuality in later-
born males, even if they were reared in different households, whereas stepbrothers or adoptive
brothers have no effect on sexual orientation. Thus, the available evidence indicates that the
BO effect on homosexuality results from prenatal environment.

Likewise, we must entertain that the effect of BO on CS observed in the current study could
be due either to prenatal environment or presence/absence of an older sibling. Keeping in mind
that we found a reversal of the BO effect between 2 and 6 months, if prenatal environment
accounts for our results, we would need to suppose that the direction of this prenatal effect
reverses over time, which seems unlikely. If presence versus absence of an older sibling
accounts for our results, we would likewise need to suppose that the direction of the sibling
effect reverses over time. This seems plausible, however. It may be that having an older sibling
is a detriment for a 2-month-old, if parent resources are tapped by the older sibling (and sibling
interaction is minimal), yet a benefit for a 6-month-old, if sibling interaction (which presumably
enriches the infant’s visual experience) increases at this time. This latter effect could either
override the “tapped parental resources” effect or could coincide with parents getting better at
“juggling two kids” over time. A final possibility is that the reversal in BO effects between 2
and 6 months reflects a combination of the two factors. That is, prenatal environment effects
may persist in both 2- and 6-month-olds, but at 6 months, this effect may be overridden by the
benefits of experience with an older sibling. If the observed BO effects on visual contrast
sensitivity are, in fact, tied to sibling experience, we acknowledge that the relevant experiential
cue may not necessarily be visual in nature. Instead, the driving force could be some other
factor, like amount of social experience, which by itself is a fascinating prospect.

Summary
In conclusion, the results of the current study suggest that the M and P pathways are
differentially influenced by the different variables we tested. Given that these variables differ
in the extent to which they could be tied to (1) preprogrammed (genetic) mechanisms, (2)
postnatal visual experience, and (3) prenatal environment, the results shed light on the extent
to which M and P pathway development in humans is “nature versus nurture.” In general, the
results of the current study suggest that P pathway development is more tied to visual
experience than is M pathway development, which is in line with results from studies of humans
with early visual deprivation show greater detrimental effects on P pathway tasks (see
Introduction). There are, of course, other ways to investigate the effects of nature versus nurture
on visual development in humans. One way is to study twin pairs. Finding that monozygotic
twins are more similar on a visual measure than are dizygotic twins (assuming both have similar
environments during early infancy) is evidence for a role of nature. To date, there are only a
handful of visual perceptual studies in twin pairs (all in adults), with the results supporting a
genetic role in stereopsis (Wilmer & Backus, 2007), color matching (Bimler & Kirkland,
2004; Paramei, Bimler, & Mislavskaia, 2004), but not eye vergence (Wilmer & Backus,
2008). We are currently taking this same approach by studying luminance and chromatic CS
in infant twins. Another way to study nature versus nurture in humans would be to carefully
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monitor and quantify the visual statistics of infants’ daily experience (which is now becoming
possible given new head-mounted video techniques for recording an infant’s visual world,
Aslin, 2009) and then determine if the visual experience instructs development, e.g., do infants
raised in rooms with heavily saturated colors develop chromatic contrast sensitivity faster than
those raised in rooms with desaturated colors? We hope to address these questions in future
experiments. Regardless of the approach one takes, it is important to keep in mind that the
study of nature versus nurture will always be complicated by what is now an accepted notion;
genes (nature) and environment (nurture) interact. Future research should be guided in ways
that address this interaction (see Gottlieb, 1998, 2007).

Appendix A

Simulating errors in GL estimate
Our GL estimate was derived from the difference between the due date of the infant, as reported
to us by the parent, and the birth date, with the assumption that the due date is for a 266-day
gestation period. However, there are several sources of error in this due date information. The
most likely sources of error are (1) errors in estimate of last menstrual period and (2)
measurement errors in ultrasound technology used to calculate the age of the fetus (i.e.,
“ultrasound dating”), both employed to predict the due date. (While errors in parent reports
may also exist, we believe they are minimal, see Methods). Because the vast majority of our
sample reported due dates based on ultrasound dating within the first trimester (see Methods),
we restrict the discussion to this type of error. Errors in ultrasound dating have been well
documented in obstetrical studies that compare the known gestational dates of infants
conceived via in vitro fertilization (defined as day from oocyte retrieval in IVF pregnancies)
versus the gestational dates using ultrasound technology (which is based on data from a large
number of spontaneous pregnancies). These studies show that, in the first trimester, ultrasound
dating is off from the actual gestational age within a range that has a standard deviation of
±2.30 to 2.45 days across studies (see Sladkevicius et al., 2005; Tunon et al., 2000, which
reviewed several other studies, employing large samples of pregnant participants, using
different dating formulae, all of which had fairly good agreement). Thus, error in ultrasound
dating necessarily injects error into our GL estimate, which in turn will lower the strength of
GL as a predictor in our MRA model.

Although we could not remove the error from our GL estimates, we instead took an alternative
approach of asking to what extent errors can disrupt a significant effect. To this end, we ran a
simulation model in which we injected the amount of noise known to exist in the GL estimate
(standard deviation of ~±2.4) into our PNA values (since PNA was found to have a significant
and strong effect on CS in all conditions, see Table 2) and then measured the resulting decrease
in PNA effects. Specifically, we randomly added a Gaussian distribution with mean of zero
and a standard deviation of ±2.4 days to the PNA values in our subject sample, repeated 100
times, and for each sample, ran the MRA. Each of the 100 runs yielded sr2, β, B, and p values,
although for the sake of brevity, we only report the β and p values here. As might be expected,
the results of this simulation showed that the degree to which significant effects of PNA were
retained (to a probability of ≤0.05) in the face of adding noise varied as a function of how
strong the effect was without noise. For luminance and chromatic CS in 2-month-olds, the
average β values (across 100 simulations) were 0.30 (66% of the simulations significant) and
0.46 (100% of the simulations significant) compared to the values obtained without noise (see
Table 2), where β values were 0.35 and 0.54 and p values were 0.015 and 0.0001, respectively.
For luminance and chromatic CS in 6-month-olds, the average β values were 0.21 (74% of the
simulations significant) and 0.19 (60% of the simulations significant) compared to the values
obtained without noise (see Table 2), where β values were 0.24 and 0.21 and p values were
0.01 and 0.02, respectively. On average, across the four separate MRAs (two CS types and two
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age groups), the decrease in β resulting from adding noise to the PNA value was 13%. If we
now work backwards and increase the β obtained for the effects of GL by 13%, for chromatic
CS at 2 months, which we found to have a non-significant β value of 0.15 in the original
analyses (see Table 2), the β value would increase to 0.17, a value that is still far from
significant. This simulation result suggests that the lack of a significant effect of GL on
chromatic CS at 2 months in our original analyses was unlikely due to too much error in the
GL estimate.
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Figure 1.
Scatter plot of log contrast sensitivity versus postnatal age (PNA). Data are presented for
luminance CS (top panel) and chromatic CS (bottom panel), with the two age groups, 2-month-
olds (black circles, n = 60) and 6-month-olds (red circles, n = 122), plotted side by side. Simple
linear regression lines are shown for each data set. These results show that for the range of
PNA tested (~21 days), PNA predicts luminance and chromatic CS at both 2 and 6 months.
Although the r value for luminance CS at 2 months was not significant (see Table 1), the effect
for this condition was significant in the MRA (see Table 2).
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Figure 2.
Scatter plot of log contrast sensitivity versus gestational length (GL). Data are presented for
luminance CS (top panel) and chromatic CS (bottom panel), with the two age groups, 2-month-
olds (black circles, n = 60) and 6-month-olds (red circles, n = 122), plotted together. Simple
linear regression lines are shown for each set of data. In both the MRA and linear regression
lines, GL was found to be a significant predictor only for luminance CS in 2-month-olds; infants
with longer GL exhibit higher luminance CS.
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Table 2

Results from multiple regression analysis (sr2, β, B, and p values).

sr2 β B p

2-month-olds

 Luminance

  PNA* 9% 0.35 0.04 0.015

  GL* 7% 0.29 0.03 0.03

  BW 0% 0.07 0.05 0.58

  Gender* 6% 0.28 0.31 0.045

  BO* 7% −0.30 −0.36 0.03

 Full model R2 = 0.25, F(5,54) = 3.65, p = 0.006, RV = 0.49

 Chromatic

  PNA* 21% 0.54 0.03 0.0001

  GL 2% 0.15 0.01 0.21

  BW 2% 0.17 0.06 0.21

  Gender 2% 0.14 0.09 0.27

  BO* 6% −0.28 −0.19 0.03

 Full model R2 = 0.31, F(5,54) = 4.9, p = 0.001, RV = 0.27

6-month-olds

 Luminance

  PNA* 5% 0.24 0.02 0.01

  GL 0% 0.01 0.001 0.89

  BW 1% −0.08 −0.04 0.36

  Gender 0% 0.05 0.04 0.60

  BO (MS) 2% 0.15 0.12 0.10

 Full model R2 = 0.10, F(5,116) = 2.5, p = 0.03, RV = 0.36

 Chromatic

  PNA* 4% 0.21 0.01 0.02

  GL 0% −0.004 −0.005 0.97

  BW 2% −0.15 −0.05 0.09

  Gender 1% 0.08 0.05 0.40

  BO* 3% 0.18 0.12 0.045

 Full model R2 = 0.12, F(5,116) = 3.5, p = 0.01, RV = 0.29

Note:

*
Significant values at p < 0.05, MS denotes marginally significant values (p < 0.10). For continuous variables (PNA, GL, and BW), positive values

indicate that a higher value of the variable predicts higher contrast sensitivity. For categorical variables (gender and birth order, BO), positive values

indicate higher contrast sensitivity in boys than girls and higher contrast sensitivity in non-firstborn than firstborn infants. Also shown is the R2 for
the full model and the residual variance (RV) that is unaccounted for by the full model.
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