


attainment.  These coefficients are 15 to 30 percent smaller than the cross-sectional
coefficients.”® The direction of bias in the cross-sectional estimates is as predicted. However,
the size of both the OLS and fixed effects estimates are small in light of the fact that any
reasonable birthweight manipulation is unlikely to alter birthweight by one kilogram. A
foreseeable manipulation ranges from 200 to 250 grams. Thus, the fixed effects estimates
indicate that while birthweight affects years of schooling, a realistic policy would only lead to a
0.03 to 0.04 increase in years of schooling. Assuming no other benefits to increasing
birthweight, this hardly seems like a cost-effective investment.

It should be noted that education at motherhood is not necessarily completed education.
For women 24 years old or older, education at motherhood is likely completed education.”® The
estimated effects of birthweight for this older sample are essentially identical to those in Table 3.
Hence, the effects of birthweight on educational attainment in Table 3 are reflective of within-
twin differences in completed education and not simply differences in educational progression.*”

The second panel of estimates in Table 3 investigates whether birthweight affects one’s
own health and the health of one’s offspring. Of the outcomes presented in Table 3, these
outcomes test most directly the fetal origins hypothesis (i.e., the effect of birthweight on chronic
conditions). It may be too early in the lifecycle to observe the impact of birthweight on chronic
conditions; Barker’s studies usually look at individuals in their 60’s and 70’s (Barker, 2006).
Although disputed in the epidemiological literature, some studies have found that birthweight

predicts adult outcomes such as hypertension (Neil R. Poulter et al., 1999), coronary heart

3 Currie and Moretti (2007) use the California birth records to look at the intergenerational transmission of
birthweight. For mothers born between 1970 and 1974, they estimate that a one-kilogram increase in birthweight
results in a 0.1548 increase in educational attainment. After they include grandmother fixed effects (i.e., compare
mothers who are siblings), this point estimates drops in size to 0.0836, or about half the size of the twin fixed effect
estimates in Table 3.

3 In the 2000 Census, female school enrollments by age flatten at age 24.

3 This interpretation is appropriate as long as the twins give birth at the same age, which is true.



disease (J G. Eriksson et al., 1999), and diabetes (Hales et al., 1991). The cross-sectional
estimates in Table 3 imply that a 100-gram increase in a mother’s birthweight leads to an 18-
gram rise in her child’s birthweight. Meanwhile, the fixed effects estimates of Table 3 suggest
that this intergenerational transmission is much smaller — roughly one-third the size of the cross-
sectional OLS estimate.”®” Gestational length is unaffected by a mother’s birthweight.

In terms of one's own health, none of the estimated effects of birthweight on adult health
outcomes (e.g., hypertension, diabetes, and anemia) in the third panel of Table 3 are statistically
significant, but the magnitude of the hypertension estimate is sizable. A birthweight increase of
250 grams decreases the probability of hypertension by about 0.4 of a percentage point, a decline
of 14 percent. The effects on diabetes and anemia are much smaller. The most notable estimate
within this set of estimates is that for pregnancy complications. A birthweight increase of 250
grams implies an 11 percent fall in pregnancy complications. These estimates may be
downward-biased due to misreporting of these conditions on the birth certificate. The accurate
reporting of clinical measures on the birth certificate can be poor (P A. Buescher et al. (1993)
and David L. DiGiuseppe et al. (2002)). The general findings of the literature suggest that the
measurement error in variables related to obstetric history, birthweight, and delivery type is
small but for other outcomes, such as maternal risk factors and comorbidities, measurement error

may be more problematic.*®

% In Currie and Moretti’s (2007) comparison of California-born siblings, the intergenerational transmission of
birthweight is estimated as 0.2 (or an increase of 200 grams in the child’s birthweight for every 1 kilogram increase
in the mother’s birthweight). This estimate is statistically indistinguishable from the OLS pooled twins estimate.

37 If the variance of maternal birthweight equals the variance of the birthweight of the mothers' offspring, or in other
words, birthweight across generations follows a stationary process, the coefficient from a regression of child's
birthweight on mother's birthweight is directly interpretable as the intergenerational correlation in birthweight. In
the data, there are slight differences in these variances. However, after taking into account these differences, the
estimated intergenerational correlation in birthweight is larger only by a factor of 1.12 relative to the coefficient
reported in Table 3.

¥ The health-related estimates may be prone to measurement error due to the dichotomous nature of the dependent
variable. In the standard measurement error model, measurement error in these discrete clinical measures (e.g.,



Since these pregnancy complications include a heterogeneous group of conditions, I have
disaggregated these complications as those reflective of long-term health complications (e.g.,
anemia and diabetes) versus those indicative of predominately pregnancy-related health (e.g.,
premature labor and eclampsia). Birthweight appears to have a larger impact on pregnancy-
related conditions as opposed to long-term health.

The third set of estimates in Table 3 examine whether there are any birthweight-induced
differences in income-related outcomes. Unfortunately, California birth records have no direct
income information. As a next best alternative, I look at four different outcomes that are
indirectly related to a mother’s income. Looking first at the C-section results and considering the
high prevalence of this type of delivery among more affluent mothers, one might expect to
observe a positive relationship between birthweight and C-section rates. But lighter twins have
higher risks of pregnancy complications, which would likely result in a negative association
between birthweight and C-section rates. However, the influence of birthweight on C-section
delivery rates is weak at best, possibly reflecting the interaction of these two countervailing
mechanisms. None of the other income-related outcomes — public payment for delivery (e.g.,
Medicaid-financed birth), the income of the zipcode of residence, or the poverty rate of the
zipcode of residence — is strongly related to birthweight.

Suppose as theories of fertility and mating predict and as empirical studies show, that a

rise in a mother’s education level leads to fertility delays and higher “quality” mates.”>*" Then

diabetes) will lead to attentuation bias where the attentuation factor is 1-probability of a false positive-probability of
a false negative (Jerry Hausman, Jason Abrevaya, and F.M. Scott Morton, 1998), under the assumption that the
misclassification rates are uncorrelated with birthweight. The estimates from DiGiuseppe et al. (2002) imply that
we should inflate the estimates in Table 3 by about a factor of 2-3 for most health-related outcomes except for
anemia which we should inflate by 10.

39 For these theories of fertility and mating, see Gary S. Becker (1960), Becker and H. Gregg Lewis (1973), and
Jacob Mincer (1963).



one might expect that the improvements in education associated with increases in birthweight
would lead to delayed childbearing and maternal selection of older and more educated mates.
The final panel of estimates in Table 3 tests this conjecture. The lighter and heavier twin give
birth at the same age. While this estimate is informative about the effects of birthweight on
fertility timing, it is also instructive about selection bias. If the twins have children at different
ages, then age could potentially confound the estimated returns to birthweight because I only
observe women at their chosen time of motherhood. None of the effects of birthweight on mate
"quality" are significant or large, but the effect of birthweight on paternal education parallels the
analogous effect on maternal education, suggesting a large mating market effect of education.

While the regressions in Table 3 are based on the sample of female twins with an
observed first or second birth, as a robustness check, I replicate Table 3 using the sample of
female twins with an observed first birth and not necessarily an observed second birth in Web
Appendix Table A3. The estimates are consistent with those in Table 3, and as such, I use the
larger sample of twins.

Another concern, besides the estimation sample, is that within-twin pair differences in the
incidence of congenital anomalies (i.e., birth defects) could potentially explain the persistence of
birthweight. Suppose one twin is born with a congenital anomaly and the other is not. This
congenital anomaly discordance could cause a within-twin birthweight difference. Then, it
would inappropriate to attribute the within-twin differences in long-run outcomes to their
differences in birthweight via fetal nutrition. As such, it may be more appropriate to exclude
twins with a congenital anomaly from the estimations. For twins born between 1960 and 1967 or
between 1978 and 1982, I can identify whether a twin had a congenital anomaly. @ Web

Appendix Table A4 replicates Table 3, restricting the estimation sample to twins born in years in

* For empirical studies of fertility and mating, see Currie and Moretti (2003) and Justin McCrary and Royer (2006).



which congenital anomalies were recorded on birth certificates. Web Appendix Table A5 also
duplicates Table 3 but further excludes any twins with a congenital anomaly. Overall, the
estimates in Web Appendix Table A4 are somewhat larger although statistically
indistinguishable from the estimates in Web Appendix Table AS5. Both sets of estimates are
roughly of the same magnitude as the estimates for the overall sample in Table 3. Thus, the
within-twin-pair variation in birthweight exploited in Table 3 does not appear to be due to

within-twin-pair variation in congenital anomalies.”'

Non-Linear Effects of Birthweight

Prior studies suggest that birthweight has non-linear effects on later outcomes. In fact,
some studies (e.g., Johnson and Schoeni (2005)) focus exclusively on the lower tail of the
birthweight distribution implicitly arguing that birthweight only matters when it falls below a
certain threshold. If the effects of birthweight are a function of the level of birthweight, the
regression estimates in Table 3 may not be representative of the effects throughout the
distribution.

While recent economic studies (Almond, Chay, and Lee (2005), Behrman and
Rosenzweig (2004), and Currie and Moretti (2007)) agree about the existence of non-linear
birthweight effects, they find disparate locations of these non-linearities. Almond, Chay, and
Lee (2005) argue that for infant mortality, birthweights at the bottom end of the distribution
matter. In their study, the effect of birthweight on infant mortality is only sizable for
birthweights below 1500 grams. For birthweight of one's offspring, Currie and Moretti (2007)

find that the marginal return to birthweight is largest for mid-range birthweights. These

*I This bias may also be small simply because the number of twins with congenital anomalies is small. The percent
of twins with a congenital anomaly is 1.3 percent for the overall twins sample. In comparison, for the Almond,
Chay, and Lee (2005) sample of infants born in the United States in 1989, this percent is 2.7.



seemingly contradictory results may reflect the different mechanisms through which birthweight
affects different outcomes.**

To allow for the possibility of non-linear birthweight effects, I estimate a piecewise linear
spline with a knot at 2500 grams in Table 4. The reported F-statistics test whether the two
segments of the linear spline have equal slopes‘44 The first set of estimates, shown in the top
panel, indicates that the effect of birthweight on education and infant mortality is highly non-
linear. Consistent with earlier work (Almond, Chay, and Lee, 2005), the relationship between
birthweight and infant mortality is strongest for the lower birthweight births. While there is
some indication of non-linearity in the effect of birthweight on infant death in both the OLS and
fixed effects specifications, the inclusion of twin fixed effects dampens the non-linearity of the
relationship. Meanwhile for education, the marginal benefit of birthweight on education is
strongest in the 2500+ gram range according to the cross-sectional OLS estimates. The fixed
effect estimates confirm these cross-sectional relationships, but the suggested degree of non-
linearity is slightly magnified. In particular, with education at birth as the dependent variable,
the two segments of the linear spline have statistically distinct slopes. The estimated effects on
education in the <2500 gram range are negative but insignificant. But at the upper end of the
birthweight distribution, the effects on education are nearly twice as large as those reported in
Table 3. An increase in birthweight of 200-250 grams in this part of the distribution is associated

with an increase in educational attainment on the order of 0.08-0.10 of a year.

2 Other possible explanations for the disparate findings are varying samples and identification strategies.

* The use of 2500 grams as the knot point was chosen as 2500 grams is approximately the median birthweight; the
choice is also based on the patterns found in Figures 3-5. 1 have experimented with other knot points and the
substantive conclusions remain unchanged.

* For these F-statistics, the numerator degrees of freedom is 1 and the denominator degrees of freedom is the
number of twin pairs minus two.



The second set of estimates in Table 4 shows that the effects of birthweight on adult
health are largest for mothers whose birthweight was low; hypertension, diabetes, and pregnancy
complications all are declining functions of birthweight amongst low birthweight female twins.
There is little, if any, adult health effects for mothers whose birthweights exceeded 2500 grams.

Looking at the intergenerational effects of birthweight, in the cross-section, the effect of a
mother’s birthweight on her child’s birthweight is twice as large if the mother’s birthweight was
greater than 2500 grams than if it was below this threshold. These cross-sectional estimates are
consistent with the findings of Currie and Moretti (2007). This non-linearity disappears after
controlling for twin fixed effects.

The third panel of Table 4 shows the effects of birthweight on indirect measures of
income. Except for the effect of birthweight on median household income of the mother’s
residential zipcode, the birthweight effects appear to be independent of birthweight levels.
Given the positive wage returns to education and the positive estimated effects of birthweight on
education, one would expect that the effect of birthweight on income would be largest among
mothers in the upper half of the twin birthweight distribution. Instead, one sees the same pattern
as observed for the health effects; the returns to birthweight as measured by residential median
income are positive and statistically significant for mothers with birthweights below 2500 grams
but negative and statistically insignificant for birthweights above this threshold. However, the
effects of birthweight for low birthweight mothers are economically small; an increase of one
standard deviation in birthweight leads to an increase of approximately $1,300 in the median
income of a mother’s residential area. This is equivalent, for example, to moving from Santa

Cruz County to San Francisco Coun‘[y.45

* This example is based on a cross-county move, although the household median income data is measured at the
zipcode level.



The effects of birthweight on fertility and mating market opportunities in the final panel
of Table 4 are consistent with the effects on education; they too are largest amongst mothers who
weighed over 2500 grams at birth. For these “high” birthweight mothers, being heavier is
correlated with delays in fertility and maternal partnering with an older and more-educated mate.
The only effect that is statistically significant within this set of estimates is that of paternal age.

To further pinpoint the location of these non-linearities, I add two additional knot points
at 1500 and 3000 grams to the linear spline specification used in Table 4. Web Appendix Table
A6 presents these additional regression results. The main insight provided by this closer look is
that the pregnancy complication risks of birthweight are only present for mothers with
birthweights falling between 1500 and 2500 grams. Meanwhile, the impact of birthweight on the
birthweight of one's offspring and educational attainment are roughly in agreement with the

earlier spline estimates in Table 4.*

Sample Selection

A credible empirical test of the fetal origins hypothesis inherently is difficult because of
sample selection. In particular, this hypothesis predicts that individuals experiencing
unfavorable in utero conditions may not survive into adulthood and thus, would not be observed
in the data. Additionally, given the construction of the data, there are three other reasons why

long-run outcomes may be missing: 1) the twin moved away from California; 2) she did not

% The linear spline specification is one of several ways to model the non-linear effects of birthweight. Studies such
as Case, Fertig, and Paxson (2005), Conley and Bennett (2000), and Johnson and Schoeni (2005) have focused on
the long-run effects of low birthweight. Implicit in such a specification is that the effects of birthweight are
negligible for birthweights exceeding the low birthweight threshold of 2500 grams. The results in Table 4 suggest
that this assumption is too strong. To better compare my estimates to those in this other literature, Web Appendix
Table A7 reports the pooled OLS and twin fixed effect estimates of low birthweight. The estimates suggest that low
birthweight has a detrimental effect on educational attainment but little effect on other outcomes. The effects of low
birthweight on the likelihood of being a high school dropout are about one-fifth of the magnitude of the effects
found by Johnson and Schoeni (2005) using sibling comparisons (results not shown).



have a child between 1989 and 2002; and 3) there were data errors in her birth records that
prevented matching. If a woman’s birthweight affects her probability of later observation, the
fixed effect estimates could be subject to sample selection bias. Estimates from the 2000 Census
suggest that migration out of California is not strongly related to educational attainment; hence,
it is unlikely that birthweight has an impact on migration out of California. Because I am using
within-twin-pair variation, sample selection bias due to mortality and fertility are probably the
most disconcerting. In this section, I assess the degree to which sample selection bias affects the
estimates. While there is a correlation between birthweight and the probability of being
observed, sample selection bias is minimal.

Table 5 presents estimates of the effect of birthweight on the probability of later
observation.*” A priori one would predict that selection into the sample would be an increasing
function of birthweight. This is exactly what is found. The baseline fixed effects estimates,
shown in panel A, imply that a birthweight increase of 200 grams increases the probability of a
later observed birth by 0.5 percentage points. These estimates seem small and inconsequential.
In Panel B, selection appears to be strongest among fairly normal-sized twins (i.e., those with
birthweights between 2500 and 3000 grams). To further gauge the size of these effects, one can
compare these estimates to the effect of birthweight on infant mortality. The effect of
birthweight on infant mortality on the probability of later observation is about two-thirds of the
size of the effect of birthweight on the probability of selection into the sample. As such, most of
the sample selection appears to be the result of low birthweight infants dying in the first year of
life.

To measure the extent to which this sample selection potentially biases the twin fixed-

effects estimates, I perform a series of “non-parametric” tests, which I describe in full detail in

47 Although the outcomes are dichotomous, I estimate linear probability models for ease of interpretation.



Web Appendix B.** Briefly, I first test whether the effect of birthweight on the probability of
later observation is the same across birth cohorts. Then, I test whether the effect of birthweight
on long-run outcomes is identical for these same cohorts. The intuition is that if I find that the
effect of birthweight on the probability of being observed later differs across cohorts, there
should be heterogeneous effects of birthweight on long-run outcomes across birth cohorts in the
presence of sample selection bias. This is assuming that the effect of birthweight on long-run
outcomes is the same across cohorts, which may be justified given that the effect of birthweight
on infant mortality is similar across cohorts in the sample. If instead the effects of birthweight
on long-run outcomes are identical across cohorts but the effects of birthweight on selection into
the sample are not, then sample selection bias may not be an issue.

In this case, I am able to strongly reject that the effect of birthweight on the probability of
later observation is the same across cohorts. And, for all outcomes excluding diabetes, I am
unable to reject the null hypothesis that the long-run effects of birthweight are identical across
cohorts.  Thus, the results of this non-parametric test suggest that sample selection bias is not

problematic.

National Childhood Longitudinal Study, Birth Cohort Data

To understand how birthweight affects long-run outcomes, it is important to examine the
effect of birthweight earlier on in the life cycle. Table 6 displays results for the twins sample for
the ECLS-B.  The first two sets of results examine the relationship between birthweight and

neonatal intensive care use (NICU) and days in hospital following birth. The OLS relationships

* Alternatively, I could estimate the model with a sample selection correction. To do so, one would have to
overcome the difficulty of finding a variable that affects the probability of later observation but not the outcome
variable. The difficulty of this task is exacerbated in the context of twins because the requested variable must be
measured at birth, must differ within twin pairs, and also must affect the probability of later observation in the 1989-
2002 California birth records.



indicate a strong correlation between birthweight and post-birth care. For instance, a typical
within-twin-pair difference in birthweight would lead a within-twin-pair difference in the
probability of NICU use of 0.1, which is quite large given that the mean NICU use is 0.35. For
both NICU use and days in hospital, however, the estimated effect of birthweight falls quite
dramatically with the inclusion of twin fixed effects.

The developmental outcomes suggest a similar pattern; that is, the effect of birthweight in
the short-run is negligible. These outcomes measure infant’s skills such as the ability to
recognize the source of a sound and the ability to hold a ball. The mental and motor scores are
standardized. The estimates of the effect of birthweight on these outcomes are quite small; a 250
gram increase in birthweight only translates into a 0.02-0.04 of a standard deviation increase in
these scores. Overall, consistent with the earlier finding using the birth records, these results
suggest that the effects of birthweight on short- and long-run outcomes are negligible. Although
not displayed, estimates are similar when the sample is confined to identical twins and female

twins.

IV.  Understanding the Effects of Birthweight

Postnatal Investments

The long-run effects of birthweight presented in Tables 3 and 4 are reduced-form
estimates. They represent the effects of birthweight throughout a woman’s life course, including
postnatal investment by her parents and her health care providers. Such parental investments
may obfuscate identification of the biological effect of birthweight. For example, parents may

seek to equalize the opportunities of their children, and thus invest more heavily in the lighter,



disadvantaged twin.* Such behavior would dampen the long-run effects of birthweight. On the
other hand, recognizing that there are potentially larger average returns to investing in the
heavier twin, parents may favor the heavy twin. This would exacerbate the twin differences. In
addition, the lighter twin may receive more medical care because of the risks associated with low
birthweight. Under this scenario, the estimated effects would be a downward-biased estimate of
the biological effects of birthweight. Without knowing whether compensatory or reinforcing
investment is more common, it is impossible to know the direction of bias due to postnatal
investments. However, independent of this potential bias, the degree to which postnatal
interactions offset the long-term effects of birthweight is of interest to both parents and
policymakers.

Using the ECLS-B (results in Table 6), I estimate a weak relationship between
birthweight and early medical care, which may be a postnatal investment decision made by
health care professionals rather than parents. These results hold along other dimensions such as
breastfeeding, which is not probably surprising. However, parents and health care providers can
participate in compensatory or equalizing behaviors that may be difficult to measure via a
survey. For example, the quality and length of time spent with each child may not be accurately
reported or remembered. But these estimates suggest that along observable dimensions, there is

little evidence of either compensatory or reinforcing behavior.

* To discern whether parents invest differentially in their children, an extensive public finance literature has
examined gift-giving and bequests from parents (see B. Douglas Bernheim and Sergei Severinov, 2003 for
citations). Bequests are usually split equally between children, but gifts before death tend to be unequal. Bernheim
and Severinov (2003) develop a model to explain this puzzle. They argue that gifts can be unequal because children
cannot directly observe the degree to which their parents love them, so gift-giving acts as a signal. If gift-giving is
observable, siblings who do not receive gifts will infer that their parents do not love them as much. However, if
gift-giving is secret, parents make unequal gifts to their children without their children’s knowledge. In the context
of this study, parental investment during childhood may be most important for long-run outcomes. Differential
parental investment is unlikely to be secret if the twins are living together.



Measuring postnatal investments is more difficult in the birth records. For this reason,
rather than measuring whether investments are responsive to birthweight, I use the birth records
to examine whether the effects of birthweight differ across different families that may have
varying abilities to invest in one twin versus another. For instance, it is quite plausible that the
potential for parents to treat each differently varies by family size. A large family with limited
resources may be unable to treat each twin differently, and thus, estimates based on large
families may be closer to the true biological effect of birthweight. In results not shown, the
birthweight effects on education tend to be smaller but non-negligible in larger families (i.e.,
families where the twins have at least two older siblings). The effects of birthweight on
pregnancy complications are larger in bigger families. The educational attainment results
support the theory that parents offer more resources to the heavier twin; this leads to upward-
biased estimates of the effect of birthweight. These results are only suggestive since the
imprecision of these estimates does not allow me to differentiate these new estimates from the
estimates in Table 3.

While the two data sources suggest that equal resources are devoted to each twin, it is
important to put these estimates in context with findings from other studies. David S. Loughran,
Ashlesha Datar, and M. Rebecca Kilburn (2004) and Datar, Kilburn, and Loughran (2006) test
whether parental investments vary with birthweight. Both of these studies take advantage of
sibling comparisons from the National Longtitudinal Survey of Youth-Child File and correlate
differences in birthweight with differences in parental investments (i.e., age at school entry,
maternal labor supply, and family size in Loughran, Datar, and Kilburn (2004) and

breastfeeding, well-baby visits, immunizations, preschool attendance, and kindergarten entry age



in Datar, Kilburn, and Loughran (2006)).® For the relevance of this study, these estimates are
probably upward-biased estimates of the effect on the level of parental investment as it is likely
easier for parents to invest differentially in non-twin siblings relative to twins.’'  Along all
measured dimensions except kindergarten entrance age, the results of Datar, Kilburn, and
Loughran (2006) suggest that parents participate in reinforcing behavior very early on in life.
The results of Loughran, Datar, and Kilburn (2004) are less clear. Using Chinese twins,
Rosenzweig and Junsen Zhang (2006) also find some supportive evidence that parents participate
in reinforcing behaviors in terms of schooling expenditures. Given all of these results, we might
interpret the twins estimates of the returns to birthweight as upward-biased estimates of the
biological effect of birthweight on long-run outcomes although results from the birth records and

the ECLS-B suggest that this degree of bias is negligible.

Monozygotic versus Dizygotic Twins

As in many other twin studies (e.g., Almond, Chay, and Lee, 2005; Oreopoulos et al.,
2006; Conley, Kate Strully, and Bennett, 2006), in these data, I cannot distinguish between
monozygotic and dizygotic twins in these data.®> Genetic advantage is likely positively

correlated with birthweight as the incidence of congenital anomalies, many of which are genetic,

%% Some of these outcomes (e.g., age at school entry) are very unlikely to differ among twins.

U If resources are fixed, then an increased investment in one sibling mechanically leads to a decrease in the
investment in the other sibling. As such, the sibling estimator is likely an upper bound of the effect of birthweight
on parental investment.

2 Roughly sixty to eighty percent of all twins (and a lower percent of same sex female twins) are dizygotic. This
percentage has grown recently with the increasing popularity of assisted reproductive technologies such as in vitro
fertilization (Cunningham et al., 2001). The first successful use of in vitro fertilization in the United States occurred
in 1981 (Kasey Buckles, 2007) and thus would potentially affect only the youngest cohorts in the twins sample.
But, as seen in Web Appendix Figure A2, both the overall twinning rate and the fraction of births that are same sex
female twins remain relatively constant over the 1960-1982 period. Moreover, in United States natality data, the
rise in multiple births per pregnancy is only evident in the late 1980's (Buckles, 2007). These facts provide
assurance that while most of the twins in the sample are likely dizygotic, the fraction that is monozygotic is not
changing substantially over the sample period.



are decreasing with bir‘[hweight.53 Therefore, the twin fixed effects estimates of the long-run
effects of birthweight, calculated using data on both dizygotic and monozygotic twins, will likely
provide an upper bound of the effect of birthweight via prenatal nutritional deprivation.”*> Tt
should be noted that for Black, Devereux, and Salvanes (2007), the estimates for monozygotic

twins are quite similar to those for dizygotic twins, which suggests that the genetic bias is small.

V. Comparison to Existing Literature

There is a plethora of mainly small-scale epidemiological studies examining the long-run
effects of birthweight.”® However, publication bias may be a concern with such studies; Huxley,
Neil, and Collins (2002) document a strong inverse relationship between estimated effect sizes
and sample size. Recently economists have estimated such long-run relations, focusing mainly
on human capital outcomes, which are usually ignored in epidemiological studies. While this
economics literature improves upon the earlier epidemiological studies, particularly by

employing large samples, the results can be very inconsistent across and even within studies.

33 By definition, congenital anomalies are defects at time of birth. They can be genetic defects or damage incurred
in the uterus or at the time of birth.

* To determine the extent to which the birthweight differences signal differences in underlying health rather than
genetic differences, other studies (Almond, Chay, and Lee, 2005; Black, Devereux, and Salvanes, 2007; Conley,
Strully, and Bennett, 2006) contrast estimates based on opposite sex twins to those based on same sex twins. The
underlying assumption is that sex composition does not have an independent effect on the outcome. For the
Almond, Chay, and Lee (2005) and the Conley, Strully, and Bennett (2006) studies, which relate birthweight
differences to differences in infant mortality, this assumption may be innocuous. However, when looking at adult
outcomes, as Black, Devereux, and Salvanes (2007) do, it is not. Moreover, as working behaviors of males and
females differ dramatically, it is not surprising that the estimated effects of birthweight on earnings and education in
Black, Devereux, and Salvanes (2007) differ by twin type.

> To assess the degree of bias due to genetic factors, I compare the effects of birthweight by race. From other
studies, it is clear that the rate of dizygosity varies by race. Conditional on a twin birth, blacks are more likely to
give birth to dizygotic twins relative to whites (Cunningham et al., 2001). Surprisingly, when comparing black and
white twins, the within-twin-pair estimates of the effect of birthweight on education are smaller amongst black twins
than amongst the full sample. However, the effects on pregnancy complications are larger amongst black twins.
Given that the implied direction of bias, at least for the effects on education, is opposite of that predicted, the
differences between these estimates and the main set of estimates may be due to heterogeneous birthweight effects
across racial groups.

% Such studies include Terence Dwyer et al. (1999), Richard G. IJzerman, Dorret I. Boomsma, and Coen D. A.
Stehouwer (2005), Ruth J.F. Loos et al. (2001), Poulter et al. (1999), and Jun Zhang, Ruth A. Brenner, and Mark A.
Klebanoff (2001).



For example, Black, Devereux, and Salvanes (2007) estimate substantial and statistically-
significant differences in the effect of birthweight across different birth cohorts. One potential
explanation for such inconsistencies is sample selection bias; the effects of birthweight on
education are largest for the cohorts who are less likely to be observed as adults.”’

The purpose of this section is to directly compare the estimates across these studies.
Unfortunately, simple comparisons across studies are nearly impossible due to a lack of a
unifying regression framework across these studies (e.g., differing functional form and
dependent and independent variables). Overall, my estimates in relation to other economic
studies (e.g., Behrman and Rosenzweig (2004), Black, Devereux, and Salvanes (2007), and
Oreopoulos et al. (2006)), are much smaller.

Behrman and Rosenzweig (2004) is the only study of this group using US twins. They
use the Minnesota Twins Registry consisting of monozygotic twins born in Minnesota between
1936 and 1955, who were re-surveyed as adults. Of the 10,400 surviving twins born within these

3839 In the bottom

years, Behrman and Rosenzweig have complete data for 804 female twins.
panel of Table 7, I replicate Behrman and Rosenzweig’s estimates; the sample means of the two

samples are similar (top panel of Table 7) with the exception of educational attainment.

Behrman and Rosenzweig use fetal growth as their measure of healthiness of birth because fetal

>7 Usually we would believe that selection bias would lead to downward-biased estimates based on selection into the
sample being an increasing function of birthweight. Black, Devereux, and Salvanes (2007), however, do not present
such estimates.

%% The 10,400 total does not include those twins born and dying during infancy. Only roughly 80 percent of the live-
born twin pairs born during this period were intact after one year (i.c., neither of the twins died within the first year
of life) (DT Lykken et al., 1990).

> Behrman and Rosenzweig do not explicitly address the potential selection bias due to this response and reporting
bias. They recognize that birthweight could potentially affect infant mortality and thus lead to selection bias; they
argue that such a worry is unfounded, given the results of Almond, Chay, and Lee (2005). However, the cohorts
studied in Almond, Chay, and Lee (2005) were born thirty years later than the cohorts examined by Behrman and
Rosenzweig (2004). Between the births of these two cohorts, there were significant improvements in infant
mortality for low birthweights (David Cutler and Ellen Meara, 1999), suggesting that the effects of birthweight on
infant mortality are time-variant. Almond, Chay, and Lee (2005) estimate comparable effects of birthweight on
infant mortality for twins born in the 1980's and 1990's. But the sharpest reductions in mortality occurred in the
1960's and 1970's.



growth is arguably a better measure than gestation or birthweight, alone. But dividing
birthweight by gestational length likely introduces substantial measurement error and thus leads
potentially to inconsistent estimates, which may be either upward- or downward-biased (see Web
Appendix C for the proof).*

The OLS estimates, particularly that of offspring’s birthweight, are of the same
magnitude after accounting for the sampling variation. Nevertheless, once I control for twin
fixed effects, the effect of fetal growth on education at birth is halved. In contrast, the fixed-
effects estimate for education of Behrman and Rosenzweig greatly exceeds the OLS estimate and
is more than six times the size of my fixed effects estimate. Given that their sample contains
only 804 twins, this estimate is relatively imprecise. My fixed-effect estimate of the effect of
fetal growth on the birthweight of one's offspring is extremely similar to that of Behrman and
Rosenzweig.

Black, Devereux, and Salvanes (2007) use Norwegian data created from the merger of
several administrative datasets and rely on an estimation sample over 13,000.°" In Table 8, one
can observe that the sample means for fetal growth and birthweight are nearly identical in the
two studies, but the birthweight and fetal growth variances are larger in the Black, Devereux, and
Salvanes sample. The birthweight and infant mortality relationships (middle panel of Table 8)
are quite similar although the birthweight and infant mortality relation is stronger in the United

States.

8 Gestational length is usually calculated from a woman's reported date of last menses, which may be easily
forgotten and misreported and is only an approximation of the date of conception while birthweight is measured
with considerably less error (Cunningham et al., 2001). New technologies such as sonograms provide more accurate
estimates of gestational age than do imputations based on date of last menses, but the estimates using these advanced
technologies are rarely reported in the natality files.

6! About one-third of these twins are same-sex female twins.



In terms of long-run outcomes, Black, Devereux, and Salvanes (2007) focus on the
returns to birthweight on high school degree completion rather than years of education because
of worries of sample size restrictions.”> My OLS estimate of the educational return to
birthweight is roughly comparable to the size of the Black, Devereux, Salvanes (2007) OLS
estimate. Once controlling for twin fixed effects, a large difference immerges — the Black,
Devereux, and Salvanes (2007) estimates are roughly two times larger than my own.*

Although not displayed in Table 8, the estimates of Black, Devereux, and Salvanes
(2007) vary considerably across cohorts. For instance, the effect of birthweight on high school
completion in Black, Devereux, and Salvanes (2007) is 0.04 for the 1967-1976 cohort (number
of observations=9,500) and 0.22 for the 1977-1986 cohort (number of observations=3,622).%*
Sample selection appears to be strongest for the cohort with the largest birthweight effects; the
effects of birthweight on infant mortality are bigger for the 1977-1986 cohort.”> Looking across
cohorts in my sample, however, with the exception of diabetes, I find no differential effects of
birthweight.

The last study, Oreopoulos et al. (2006) focuses on Canadian twins and siblings from the
Manitoba province born between 1979 and 1985. In total, there are approximately 40,000
siblings and 1,300 twins (650 twin pairs) in their sample.®® In the top panel of Table 9, I contrast

estimates from linear models (i.e., models in which an indicator for high school completion is

regressed on birthweight). While the Oreopoulos et al. (2006) OLS estimates greatly exceed the

62 Black, Devereux, and Salvanes (2007) note that in order to use years of education as the dependent variable, they
must restrict the sample to individuals 25 years old and older. This sample restriction apparently results in very
imprecise estimates.

% To further understand these differing results, I have estimated the effects of birthweight across the educational
distribution. For the California twins, the biggest effects are observed along the margin of a high school degree.
The non-linear effects of birthweight on educational attainment are driven by the effects of birthweight on college
completion.

5 These estimates are statistically distinguishable from one another.

% However, intuitively, it seems that sample selection would bias the estimates downward.

% These sample sizes come from Table 8 of their paper.



analogous California estimates, the twin fixed effects estimates are quite comparable. In the
non-linear regressions, the birthweight effects exhibit similar patterns across the birthweight
distribution, but the magnitudes of birthweight effects are larger for the sample of Canadian
twins.  However, given that Oreopoulos et al. (2006) do not have many twin pairs, their
estimates are comparatively imprecisely measured.

Overall, the estimates presented in this study suggest a much more muted role of
birthweight in predicting long-run and intergenerational outcomes. While I have presented
reasons for the disparities in results across studies, it is not entirely clear that one would expect
similar estimates across studies, especially across countries. Even if the biological mechanisms
by which birthweight affects long-run outcomes are invariant, it is not necessarily true that the
social factors that can intensify or weaken this relationship do not have a country-specific or a
time-specific component. In particular, we might think of the United States as a less egalitarian
society when compared to Canada or Norway. Given this observation, we may expect that
parents in the United States participate in less compensatory behavior. This would lead one to
believe that the birthweight effects would be bigger in the United States than in these other
countries. But this is not the case. With the available data though, we know little about cross-
country differences in these parental behaviors. Hopefully, with a growing interest in this field

of research, researchers will collect such data in the future.

VI.  Conclusion
This paper uses a new, large sample of California-born twins to estimate the long-run and
intergenerational effects of birthweight, a prime important measure of infant health. To do this, I

exploit the fact that twins, even monozygotic twins, frequently have unequal birthweights. I



measure the extent to which these differences in birthweight translate into differences in adult
and intergenerational outcomes. This approach is appealing because it controls for unobserved
heterogeneity across individuals, a potential confounder in cross-sectional analyses.

While birthweight does have a statistically significant impact on many long-run outcomes
— education, birthweight of one's offspring, and pregnancy complications — the estimated effects
are typically small. Increasing birthweight by a conceivable 250 grams only leads to 0.03-0.04
of a year of additional schooling. Additionally, the short-run effects of birthweight are quite
small; in terms of development and health care investment, I observe no substantial differences
between the lighter and heavier twin.  However, I do find large effects for pregnancy
complications.  Specifically, a 250-gram increase in birthweight is associated with a 1.3
percentage point, or an 11.4 percent, decline in the number of such complications but these

complications are reflective of pregnancy-related rather than long-run health problems.



These mean effects mask the effects of birthweight at different points of the birthweight
distribution. The positive effect of birthweight on education is largest for births exceeding 2500
grams, a range where outcomes are often assumed to be unaffected by birthweight. This is a new
and important finding suggesting that returns to increases in birthweight may be reaped from
“normal-weight” births. As such, the concentration on low birthweight may be misplaced. On
the other hand, the negative effects of birthweight on pregnancy complications are concentrated
among low birthweight women. While it is not surprising that these effects are non-linear, it
is unanticipated that the shape of the birthweight response function differs across outcomes. As
such, a uniform theory such as the fetal origins hypothesis is unlikely to be a completely
satisfactory explanation for the long-run effects of birthweight. Many different mechanisms may
be at work. This is an important area for future research.

Establishing the existence and determinants of the non-linear effects of birthweight is
important for policy decisions. Policies with goals of increasing birthweight (e.g., Medicaid
expansions) often only target women at risk of delivering low birthweight babies. This research
suggests that benefits, in the form of increases in educational attainment, may be reaped by
raising birthweights amongst other populations. The robustness analyses suggest that, if
anything, these estimated birthweight effects are upward-biased, implying an even more muted

role of birthweight in the determination of short- and long-run outcomes.
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