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Does Hyperbilirubinemia Damage
the Brain of Healthy Full-Term Infants?

Thomas B. Newman, MD, MPH, *
and M. Jeffrey Maisels, MB, BCht

A full-term, healthy, breast-feeding newborn has a total serum bili-
rubin of 17 mg/dl. There is no hemolysis. Is this infant at risk for brain
damage?

To extract the answer to this question from the literature is a daunt-
ing task. The relevant studies span many disciplines—from biochemistry
and physiology to hematology, neonatology, neuropathology, and devel-
opmental psychology. The authors of these studies have investigated the
relationship between a wide assortment of predictor variables (related to
bilirubin) and outcome variables (related to brain damage). One author
may relate the peak total bilirubin levels to hearing loss, another the
duration of hyperbilirubinemia to the intelligence quotient (IQ), and a
third the bilirubin binding capacity to abnormalities found on neurologic
examination. Thus, synthesizing the results of such studies in a meaning-
ful way is probably impossible. Even when different studies measure
approximately the same predictor and outcome variables, the parame-
ters used to measure the effect size may vary greatly. The effect on IQ,
for example, may be expressed as mean IQ in different groups of patients,
as the proportion of children with IQs below 70, 80, or 90, as a correla-
tion coefficient between bilirubin and 1Q, and so on. Finally, the groups
of infants studied differ widely, producing discrepant results that are
difficult to interpret.

METHODS

These obstacles notwithstanding, we have attempted to make some
sense out of the published data. To do this we first limited our review to
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studies of intact human newborns. Biochemical, cellular, and animal
studies have helped to explain how bilirubin might damage the brain and
under what clinical circumstances such damage might occur; however,
only studies of human neonates can provide an estimate of the magnitude
of the effect and the specific clinical circumstances in whichitisrelevant.
We will accept without dispute that it is biologically plausible (indeed
likely, under some circumstances) that bilirubin is hazardous to the new-
born’s brain. Rather than exploring the mechanism, however, we will
concentrate on estimating the magnitude of the effect.

Second, we restricted our attention to one predictor variable, or
““risk factor”: peak total serum bilirubin (TSB). This is the risk factor most
commonly measured in studies of the effect of bilirubin on the brain, and
it is universally available to those faced with clinical decisions.

Third, we examined only three broad, clinically relevant outcomes:
cognitive development (as measured by the IQ), abnormalities on neuro-
logic examination, and hearing. Intermediate outcomes, such as alter-
ation of brainstem-evoked potentials or yellow staining of the brain at
postmortem in a baby who died of other causes, will not be discussed,
because even if associations with these outcomes exist, their clinical
relevance is uncertain.

Fourth, we have reduced the results of different studies to common
parameters. For studies of IQ, when possible, we converted other mea-
sures of effect size to slopes for a regression of bilirubin on IQ; we thus
obtained estimates of expected change in IQ for each mg/dl increase in
serum bilirubin. We treated the other two outcomes as dichotomous:
definite, or no abnormality on neurologic examination, and the presence
or absence of sensorineural hearing loss. For these two outcomes, results
are presented as risk ratios, risk differences, absolute risks, and odds
ratios per one mg/dl increase in TSB (derived from logistic regression).

Finally, we evaluated only one particularly controversial group of
babies: full-term infants without hemolytic disease. Because the effects
of hyperbilirubinemia on premature babies and those with hemolytic
disease may be different, they must be reviewed separately—a task
beyond the scope of the current review. For these two groups of babies,
previous reviews may be consulted.29-41:47.55

RESULTS
Effect of Hyperbilirubinemia on Cognition

Studies of the relationship between neonatal hyperbilirubinemia
and subsequent cognition are summarized in Table 1. Although the in-
clusion criteria vary, as do the predictor and outcome variables, these
studies include predominantly term babies without hemolysis, and all
show little or no effect of bilirubin on IQ or mental development.

The first six studies in the table are based on analyses of various large
subsets of the U.S. Collaborative Perinatal Project (CPP). The CPP was a
multicenter cohort study of 53,043 women who became pregnant be-
tween 1959 to 1965; their infants were followed to age 8 years.5 Each
infant weighing more than 2500 gm had a total serum bilirubin drawn at
age 48 = 12 hours. If the initial bilirubin concentration was at least

(Text continued on page 337)
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10 mg/dl, the measurement was repeated daily until the TSB decreased
below 10 mg/dl.'35! The predictor variable in each of the CPP studies is
the highest total bilirubin value recorded.

In 1967, in the first such report from the CPP, Boggs et al.* reported
anegative association between peak TSB and the Bayley scales of infant
development administered at age 8 months. Statistically significant re-
sults were obtained for both the motor and mental index in all birth-
weight groups, although the association became progressively weaker as
birthweight increased. These preliminary results were not adjusted for
gestational age or race. Further analysis of the same data by Scheidt et
al.! showed that when the data were stratified by gestational age and
race, for babies >2500 gm and > 37 weeks’ gestation, the effect on
mental development was no longer statistically significant, and the effect
on motor development was apparently diminished. (Actual estimates of
effect size are not provided by Scheidt et al, but the P value increased
from <0.005 to 0.01 with the same sample size). As before, the effect of
bilirubin on both mental and motor development appeared to be greater
in the smaller and less mature babies.

These articles caused great concern: Could bilirubin be causing
subtle brain damage even at levels previously considered safe? Naeye’s3®
results were hardly reassuring. He found that the proportion of babies
with IQ <90 at age 4 years increased in a dose-response fashion as peak
TSB increased. The association between TSB and risk of diminished IQ
was strongest in babies with pathologic evidence of placental infection,
but was statistically significant in babies without infection as well.
(Naeye’s study includes low-birthweight and premature infants as well as
babies with hemolysis, however, so it probably overestimates the effect
size in term, normal birthweight babies without hemolysis.)

Conversely, although Rubin and co-workers*® were able to confirm
the weak association between 8-month Bayley motor scores and peak
bilirubin levels, they found no association with IQ at age 4 or 7, even
though premature infants and those with hemolysis were included. They
studied only a small subset of the CPP, however: a total of 366 children
followed in the Minnesota Educational Follow-up Program. Thus, their
failure to observe a significant difference might be due simply to lack of
adequate power.®

The first monograph by Broman et al.® helps provide the answer.}
Broman et al. present correlation coefficients adjusted for race, sex, and
socioeconomic index between 169 possible predictors and the Stanford
Binet IQ measured at age 4 years in the 24,885 collaborative perinatal
study participants for whom bilirubin data and a 4-year IQ test were
available. Among the predictors tabulated was the peak total bilirubin
level, which had a correlation coefficient with IQ of —0.03 in whites and
—0.07in blacks, both significant at the P <0.01 level. By multiplying the
correlation coefficients by the standard deviations of IQ in the two races
(16 in whites and 14 in blacks) and dividing by the standard deviation of

t It is puzzling and particularly unfortunate that these and other important data were
published only in monographs. As monographs are neither peer reviewed, nor listed in the
Index Medicus, the information may lie buried for years, known only to a handful of
cognoscenti. (Until recently, this information eluded the authors of this chapter.)
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maximum bilirubin (3.5 mg/d1%®) we can express the effect size in an-
other way: the expected change in IQ for each mg/ dl increase in serum
bilirubin.*¢ As shown in the table, these estimates are 0.14 IQ points/
mg/dl for whites and 0.27 IQ points/mg/dl for blacks.

To compare Broman’s results with those of Naeye, we performed
logistic regression?® on the tabulated data in Naeye’s Table 1, restricting
attention to the babies without evidence of infection. The result, whichis
unadjusted for race, sex, socioeconomic status, or gestational age is an
estimated odds ratio of 1.03/mg/dl of bilirubin, which is highly signifi-
cant (P<0.001). This odds ratio is equivalent to a shift in the mean 1Q of
approximately 0.3 points/mg/dl increase of TSBY—similar to the values
obtained by Broman. Because race was not considered, and black infants
have lower bilirubin values and lower IQs (than white infants), the true
value could be slightly higher. Conversely, the values may be falsely high
because of confounding by gestational age or other unmeasured factors
(such as intracranial hemorrhage).

In their more recent monograph, Broman and colleagues® studied
school achievement rather than IQ. The study design was a case-
control study nested within a cohort study.® Out of the 34,875 children
studied at the CPP 7-year follow-up, they identified the 994 subjects
who were “low achievers”’—either on the basis of standardized tests or
failure in school. The whole group of “low achievers” as well as various
subgroups listed in Table 1 were compared with 5964 controls matched
for IQ, race, and sex. Peak serum bilirubin was not associated with poor
achievement overall or in any of the subgroups, with the exception of the
univariate analysis of the lowest-achievement subgroups in blacks only.

Several smaller studies, all from Europe, have also examined the
effect of bilirubin on IQ in term babies without hemolysis. These are
summarized in Table 1. Bjure et al. 3 Culley etal.,!! and Rosta et al.#8 all
found no apparent effect of increasing bilirubin levels on IQ. The sample
sizes of all of these studies were to small to rule out a small or moderate-
sized effect, however.

Two randomized trials are relevant to this issue. The first, by Valaes
et al. 58 examined the effect of prenatal maternal phenobarbital adminis-
tration on neonatal bilirubin levels and subsequent development. In the
first phase of the study, women were randomly assigned to receive phe-
nobarbital or a placebo. In the second phase, group assignment was
based on convenience: Women who were able to attend a late prenatal
visit were placed on phenobarbital. The authors noted that the women
assigned to phenobarbital in the second phase were more likely tolive in

et e a

§ This estimate is based on a logistic regression analysis on the third column of Naeye’s
Table 1 (percent with IQ <90 at age 4 years in those with no infection). The values for
bilirubin used in the model were obtained by taking approximate midpoints of the 10
intervals down the left side of the table. Values we used were: 3,5,6,7,8,9,11,13,15, and
17. The resulting logistic model was that the odds of IQ <90 were exp(— 1.0445 +
0.0303 * TSB [in mg/dl]). The probability of abnormality can be obtained from odds by
P = odds/ (1 + odds). To convert probability of 1Q <90 obtained from this logistic model to
the estimated difference in mean IQ, we assumed that IQ was normally distributed with
standard deviation of 16 points.6 We then used tables of the normal distribution to deter-
mine how large a difference in means of the two groups would be required to obtain the
predicted difference in expected proportions <80.
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cities and to be of higher social class but attempted to compensate for this
with multiple regression.

The infants of mothers who received phenobarbital performed bet-
ter on three tests of development; of these only the difference in the
““visuomotor integration test” was statistically significant (P<0.025).
The authors also combined the two groups and simply compared peak
serum bilirubin level with test performance. In none of these combined
analyses was serum bilirubin a significant predictor of cognitive perform-
ance, even at high levels. (A significant effect on hearing occurred, which
will be discussed later.)

How could phenobarbital be associated with improved performance
when lower bilirubin levels were not? If better performance was the
result of phenobarbital’s ability to decrease serum bilirubin, we would
expect the relationship between bilirubin and outcome to be stronger,
not weaker, than the association between phenobarbital and outcome.
One explanation for the finding is that the association is due to chance—
results were significant for only one of several outcomes tested. Another
is that TSB is a poor marker for the real risk factor (free bilirubin, per-
haps), which phenobarbital successfully reduces. Finally, it is possible
that, despite the use of a multiple regression model, the effect is due to
confounding by social factors associated with the nonrandom assignment
to the phenobarbital group in the second phase of the study.

In the National Institute of Child Health and Human Development
(NICHD) collaborative phototherapy trial®3 infants >2500 gm were
randomly assigned to receive or not to receive phototherapy when the
serum bilirubin level reached 13 mg/dl. Because the predictor variable
in this study is phototherapy (versus no phototherapy) it provides only
indirect (though clinically relevant) evidence on the question of whether
bilirubin affects cognition. In fact, because in babies >2500 gm photo-
therapy was not begun until the serum bilirubin reached an average of
15.7 mg/dl the peak serum bilirubin levels in the two groups were prac-
tically identical 8 A difference existed in the duration of hyperbilirubi-
nemia, which can be expressed as a difference in areas under the two
curves of serum bilirubin plotted against age. This difference was about
12.5 (mg/dl)/(days) in babies >2500 gm. In the babies weighing
2000 gm — 2499 gm and those <2000 gm the differences in peak bili-
‘rubin levels were about 1 mg/dl and 6 mg/dl, respectively, and the areas
under the curves were substantially greater in the control infants. These
differences in hyperbilirubinemia were not associated with a difference
in mean IQ. Although a modest trend occurred (2-2.5 points) slightly
favoring the phototherapy group, the numbers tabulated include 790
babies <2000 gm (66% of original cohort). In this group a differential
loss to follow-up occurred (i.e., a significant excess of black infants lost
from the phototherapy group) that might explain a difference in I1Q
scores.

Effect of Hyperbilirubinemia on Neurologic Abnormality

Studies of serum bilirubin as a risk factor for neurologic abnormality
are summarized in Table 2. As before, we’ll begin with reports from the
CPP, followed by the smaller observational studies and two experiments.

(Text continued on page 344)



[eustouqe $5/0

m...—m—uﬂﬂmumﬁ@o 10§ AO.EEOQ ON

%67 =V

pi=¥d (0)sa(®)
%6 1=V

oy (@ sr(®)

(#30'T —800°T) =10
%6 (100°0 > d) €SL
ur aseasout [p/3w 910 1 =HO

(Lot

—00°1) =IO %86 (80°0 =d)

asL [p/3w €01 = (A1t
-[ewLIouqe vmﬁmamzm 10§) HO

(o1t

~18°0) =10 %86 (£°0<d)

4SL [p/3w L6°0 = (AU
-—.NFEOGA—& ﬁ@ﬁﬁmuﬁv uOb mo

mHZNEEOU\rmf.ZE as LInSaEyd

01/0
sg/0
JuawdojoAap onpewrosoyaAsd,,
.uOm comuaﬁmﬂaxm —mﬁio:ﬁﬂ

%191 = 6831/51% (@)
91T = £9338/80¢ (D

%8 1T = 93652/¢¥a¥ (8)

sreak ) je uon
-enead dgojoInau [puiouqy

(%31) yLe (%D 0F
H L 0 O
1% 91 g1 1
el LS I S 4
4! ¥1i¢ ¥l qe
(%) (N) (%) (N
Aﬁﬁ(« 10 ﬁu@&mﬂm .—c£< .wm-o

uoneulWEXF J1B30[0INAN
(pourquiod 311YMm puE yoeld)

0£-5%
g3-0%
p/3w gSL XeW

SOLIOS 9SE))

91=
6'G1—3I
6'11-0
p/3w
5911039780
0T 9SL Xe
G663 oL
(39 0%=
SL 661-S1
00¢ 6F1-01
G8G% 6-0
N [pBw
dsL X2

[P/3W 0% < GSL I sjuRjul WId-ng

$9

$C = N [e10L

1qeq amyewaxd

pu sisA[oway yim sorqeq sopn[OUL

13:@0.2& Yim sjuejul 9

uonoayul
¥6F POpNIOXe 9
89¥°6¢ = N I¥3°0L
ddd

679 = N SoHYM
0L8% = N S{o°I

w3 0053 < §668 = N [FI0L
supjdoy suyof ye pamof[oj syuedonred 440

(656T) 210N

(8L61)
akoeN

(1261) ApreH

AWOILNO

HOLOIaddd

s1odAfans

(uvdx) WOHINY

aspasy oufijoOwaf] Moy w3 00S3

< spupfu] W SAPPULIOU]Y [pndojoanaN G d1qEL

340




(23vd Sumoppof uo panuyuoa aqoy,)
LH peareoar oym sjuejur

L @Y1 Buouwre a1am 1j0g 6/3
Ip/3w g¢ 13/0

19410 a3 ‘[p/Sw §F JjogsL 9 \c
® pey P[0 [EULIOUQE dUQ /0

uorny
“BUIWEXS OIZ0[0INIU [BULIOUQY

L¥/0
0=V 9¥/1
psugspun = yy Sqjuour Z¢ —§7 36 uon

-BUIUIEXa JI30[0INSU [eULIOUqY

s1eaf § pue ‘sread g ‘reak
T ‘sypuow g 93w je paururexy
6/0

IF-1¢
0€-12
02-91
ST-0T1
Ip/3w g5 1, xey
ﬁwam.:umabm:u
9q 03 soL103
-a1e0 Surmorjoy
Y} mo[pe
0} pajuasaad
are eyep
nq (ou/saKk)
uorsnjsuer}
s8ueyoxo
Sem J[qeLreA
I10p1pad oYL

skep
[e19A95 1xoU
1940 dnoud
15 ou u1
1Yy [p/3w
G—¢ ‘0 Aep uo
sdnoui3 110q
ut reqiwis ggy,
o8eIaAe 910N

8% =U IJ ON
Ly=uly
0 <

$1583 squoo)) 2aE3su Jng
Amquedwosur gy YHm salqeq ueLreunyy
0y = N [®0L

IP/3w 07 < 4SL pey IV
13 ul sjquedwosur Qgy
9 Ul 8seasIp OgV

@®ﬁ=~0N® wwmmm:u _.—m

SJUBJUT WIDY-[[N ]

€6 =NTeI0L

uorsnysuer) a3ueyoxe oN

(s19113 Apoquyue

[EUIOJEW pUE §159) SqUIO0T) JoaIrpul
PUE 19311Ip U0 paseq) uoleziunuuiiosy on

(F961) [yod

(£961)
.—U@Eﬁ:wu

341




(JuowdAoW
[EwIOuqE 10 ‘eruojodAy
‘Asped [e1q9I2D) Ie9A T 8 uon
—euuEYa D130]0INAU [BULIOUQY

S0
papur|q s1ouIwExy
$9UI00}NO 3IBI 10 1amod mo 99/1
%€6 =V %81 =111/3
1'3=4d

918°0=STT/T

s1eak g1—g'9 Je uoh
—eupurexa d130[oInou [EULIOUqY

GN eouarepld

(c6 =01 ‘prBojdip onseds yam

%TV =V juejul sanjewaxd yeom-9¢) ¥3/1
(¢ =0I

%% =V “ssouiswm[d [euwIiuim) 6 /1

= 8¥/0

sreak 9—¢ 12 WGP SNO

(joxyuod sA)

0=V ¥/0
63/0
(o109 sA) L1/0
0=V
peugepun WY steak €' —G'F 38 Uon

-gulurexs Q_wO—Ouﬂwﬂ .—ﬁEhOFﬁAN

b e e e

m.ﬁZHEEOU\_>¢<§:Dm Rigfatct:d IWOILNO

a1q
-npedwodur QY

a[quedwod OgV
0% <

0% >
[p/3w S Xe W

91 <
91731
so1puns(
plrw 10 oN
[p/3w gSL XN

ST <
GZI-9

aorpunel
ou) [013U0)

[p/3w gS1. XeW

HOLO1ATHd

§3591 S @EQOU

oAnjeSou YIim [[e SjUejul U1} ‘AyireeH

9%% = N [B10L

gorpunefl onAJowRyuoN

w3 005% < M
121 =N ®0L

sjuejul (g UO dn-mo[[o4

SuOIjRULIOj[EUL ?ﬂ:om:co

e

[p/3w 0% 1© Ld
‘uod9yul SA¥ ON
wd 0052 < sqrd

g61 = N [#10L

(¥L61)
uossyduag

(0L6T)
KamD

(8961)
sourjoH

-

sLodAldns

(avEX) HOHLOY

(panunuo)) 2503514 onfijowaf] oYM wg 0CE < SJunfu] ul sapYPULIOUGY pardojonaN B 2qEL

342




JUEDPIUBIS 10U = GN PUE ‘WS)ISAS SNOAISU [ENUSD — §ND) ‘[EWIXEUI — XU {9DUSISRIP YSLI =  ‘01el YSLI — \Y ‘Oner SPPo = YO ‘98¢ [euony
1593 = yO) ‘uoisTysuer ofueyoxe = Iy WBRMYIIQ = Mg UIqRIIIq WNIS [6303 = gg L, ‘oaloxd [e1euLad 2ANEIOqR[[0D = JJ7) ‘SNOTLVIAZNEEY

P/3w 91 <
4SL %T'T
/A gy
91005 UOLeUIPIO0)) skep
¥ 1 gSL ueopy
[enqreqouay g
683/T [ereuaid 677 Kouardgap (1499
/3w %S pue Aquedwoour OgV pey 4T
9T < %99 mnoqe dnos3 S[0ym 3y} 10§ ejEp UO paseq
9o1pune( p/3w g'g ‘eo1pune( eyeuoau Jusasid 0y [elqreq
Jo 9a130p 03 uone[a1 ON sdep -ouayd reyeusid jo spern pezrwopueruou
[o1u00 pue [ejiqreqousyd B8T/T ¥ 18 S ueap PUE PazZIWIOpUEL Ul P3[[0IUD SIIE] Yoo
U32M3a(q 9DUIIIPIP ON S[0Njuod ZQT SI¥ = N [e30L (086T)soe[ep
SIB9A ) —C Je uon
~RUIWEXD D(F0[0INSU [BULIOUQY
P/3w g3 e padueyoxe v
TeaA [ poAlAInS oym
LI1/0 [onuo) w3 000Z < SAIqEq STF JO %g9 uo dn-mofoq
121/1 Aderayjoroyyg [e1n Adesayiojoyd saneroqefjon (0661)

6EET =N [e10L peyag

343




344 Tromas B. NEWMAN aND M. JEFFREY MAISELS

Hardy and Peeples!® studied the Johns Hopkins cohort from the
CPP, and found no relation between serum bilirubin levels and the risk of
definite neurologic abnormality at 1 year in babies> 2500 gm. Although
the study included nearly 3000 babies, relatively few babies were at the
highest levels of serum bilirubin. To estimate how strong a relationship
might have been missed, we performed a logistic regression analysis of
the tabulated data! As expected, the estimated odds ratio was close to 1
indicating no association. Of note is that the upper limit of the 95%
confidence interval reaches only 1.10 per mg/dl of bilirubin. (This is
equivalent to 1.105 = 1.6 per 5 mg/dl of bilirubin.) Thus although too
small to rule out a small to moderate effect, the Hardy study provides
evidence against a strong relationship between serum bilirubin and defi-
nite neurologic abnormality.

7hen questionable or suspect abnormalities were included, how-
ever, a (barely) statistically significant association occurred. Again, we
quantified the association using logistic regression. This time the esti-
mated odds ratio was 1.03 mg/dl of bilirubin, with 95% confidence in-
terval from 1.00 to 1.07. Because the Hardy study excluded babies based
on birthweight rather than gestational age, some of this effect may be due
to prematurity. In addition, no attempt was made to exclude babies with
hemolysis. Finally, we do not know whether the examiners were blinded
to the children’s past bilirubin levels, a crucial issue given the “soft”
neurologic findings for which the results were significant.

Naeye3® reported results in substantial agreement with those of
Hardy; using Naeye’s data, we calculated an odds ratio of 1.016 per
mg/dl serum bilirubin.® As mentioned previously, these data are some-
what difficult to interpret because low-birthweight and premature
babies as well as infants with hemolysis were included, although we were
able to exclude babies with placental evidence ofinfection. The outcome
variable (““abnormal neurologic evaluation”) in Naeye’s study must have
included suspected abnormalities, because the overall rate of about 12%
was similar to that found by Hardy and Peeples for suspected plus defi-
nit?i abnormalities. Again, no mention was made of blinding in either
stuay.

Mores et al., % Killander et al., 22 Fohland Lombos,* Holmes et al.,!?
Culley et al.,'! and Bengtsson and Verneholt? have reported smaller
studies of the risk of neurologic abnormality. All of these studies found

| For our logistic regression, we combined entries for whites and blacks in Table 5 from
Hardy and Peeples’s article.1® For bilirubin values we used approximate midpoints of the
table entries: 6, 12, 17, and 22 mg/dl. The resulting logistic models were:

Odds of definite neurologic abnormality = exp (—4.1285 —0.0250 * SB [in mg/dl})

Odds of definite or suspect abnormality = exp (—2.2055 + 0.036 * serum bilirubin
[in mg/dl])

9 This estimate is based on a logistic regression analysis on the right-most column of
Naeye's Table 1 (percent with neurologic abnormalities at age 7 years in those with no
infection). The values for bili rubin used in the model were obtained by taking approximate
midpoints of the 10 intervals down the left side of the table. Values we used were:
3.5.6,7,8.9.11,13,15, and 17. The resulting logistic model was that the odds of abnormality
were exp(—2.0851 + 0.0159 * TSB [in mg/dl]).
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low rates of definite neurologic abnormalities, but all had sample sizes
too small to be totally reassuring. If the results of these studies are com-
bined with those of Hardy and Peeples, however, abnormal neurologic
examinations were found in 7 of 462 infants (1.5%) with TSB of at least
15 mg/dl and in 5 of 323 infants (1.5%) with TSB of at least 20 mg/dl.
These rates, although obtained by different examiners of different infant
populations, are similar to the 35/2585 = 1.4% reported by Hardy for
babies with maximum TSB of less than 10 mg/dl. Moreover, they proba-
bly overestimate the risk of TSB <30 mg/dl, because four of the six
abnormal infants had TSB >30 mg/dl.2!¢ Thus these smaller studies,
taken together, suggest that serum bilirubin has little effect on the risk of
neurologic abnormality.

Finally, the results of neurologic examinations in the two random-
ized trials are worth discussing. In the trial of prenatal phenobarbital, 1
of 229 infants who received phenobarbital was neurologically abnormal
at 6 years, compared with 1 of 182 controls. (Neither of the two neuro-
logically abnormal children appears to have been significantly jaun-
diced; one was reported to have had “mild jaundice,” the other an
“unremarkable perinatal history.””) In the NICHD collaborative photo-
therapy trial, the neurologic examination at age 1 year was abnormal in 1
of 121 infants in the phototherapy group, compared with none of 117
infants in the control group. Because of the rarity of the outcome, how-
ever, neither of these trials (nor the combination of both) has sufficient
power to rule out a beneficial effect of lowering serum bilirubin; how-
ever, both suggest that the benefit will be small. Both studies are also
consistent with the results of the CPP and smaller studies cited earlier,
suggesting that elevated bilirubin is not a risk factor for neurologic ab-
normality in this population.

Effect of Hyperbilirubinemia on Hearing

Sensorineural hearing loss is a common manifestation of ker-
nicterus,?® and hyperbilirubinemia has a transient effect on brainstem
auditory—evoked responses, even in apparently healthy term
babies.3"4%57 This suggests that the auditory pathways might be particu-
Lau"ly sensitive to hyperbilirubinemia, even in babies without hemolytic

isease.

The relevant studies are summarized in Table 3. One study not
previously mentioned (nor referenced in any other review of this subject
that we have seen) is by Lassman et al.26 This monograph summarized the
results of analyses correlating 901 possible predictors measured in the
CPP with indices of speech, language, and hearing created from 306
measurements on the 3- and 8-year examinations. Sensorineural hearing
loss was defined as a loss of at least 30 decibels (dB) at two or more of the
four test frequencies, with an average airbone gap across the same fre-
quencies of 10 dB or fewer. Peak SB, measured as previously described,
had no effect on any speech, language, or hearing test performance. In
fact, although the specific data are not tabulated, it is noted in the text
that the incidence of sensorineural hearing loss was highest in the babies
with the lowest bilirubin levels, as was the incidence of conductive hear-

ing loss.
(Text continued on page 348)
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The studies by Bjure et al.,2 Holmes et al.,7 and Culley et al.}! all
report no sensorineural hearing loss in any of the babies tested, but all of
the sample sizes were small. Bengtsson et al.2 found a trend toward a
higher rate of hearing loss (4 of 111 with TSB more than 20 mg/dl versus
none of 115 with TSB <20 mg/dl), but it was not statistically significant,
perhaps because of small sample size. Although three of the four babies
in Bengsston’s study had ABO incompatibility, all had negative Coombs’
tests, making it difficult to attribute their hearing loss of hemolysis.

Valaes®® did report a statistically significant relationship between
increasing serum bilirubin levels and the risk of sensorineural hearing
loss in the prenatal phenobarbital trial. Interpretation of this result is
complicated by the lack of information on the severity of the hearing loss,
how it was measured, whether those measuring it were blinded to biliru-
bin values, and the inclusion of babies with hemolytic disease. Although
most of the subjects did not have hemolytic disease, of the 45 infants with
bilirubin values > 16 mg/ dl, 13 had ABO incompatibility, 7 were prema-
ture, and 1 was glucose-G—phosphate dehydrogenase (G6PD) deficient,
perhaps accounting for at least a few of the six children with sensorineu-
ral hearing loss in the high bilirubin groups.

DISCUSSION
Selection of Studies: Confounding and Effect Modification

Although we excluded all studies that dealt mainly or exclusively
with premature infants or those with hemolytic disease of the newborn,
some of the studies reviewed (notably those from the CPP) did include
some premature babies or infants with hemolysis. To understand the
rationale behind our selection process, and how it might affect our con-
clusions, it is important to understand two key epidemiologic concepts:
confounding and effect modification.

In the present context, both of these terms refer to distortion or
modification (by extraneous factors) of an observed relationship be-
tween bilirubin and outcome. For example, compared with term infants,
premature babies tend to have higher bilirubin levels and also a higher
risk of adverse neurologic outcome. Thus, if we find that babies with high
bilirubin levels do worse, the first question we must ask is whether it is
because they are less mature. Unless we examine the association be-
tween bilirubin and outcome separately at each gestational age, some or
all of the differences we attribute to bilirubin may be due to differences
in maturity.

In Table 4, Aand B provide a numeric example in which the entire
association between bilirubin and neurologic abnormality is due to con-
founding by prematurity. The true relationship between bilirubin and
outcome is the same in both premature and term babies, can be summa-
rized with one number (in this instance, a risk ratio of 1), and can be seen
by stratifying the data by prematurity.

Effect modification, {llustrated in Table 4, A and C, is similar to
confounding with one essential difference. Effect modification means
that the effect of bilirubin on outcome is modified by prematurity. Once
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Table 4. Hypothetic Examples of Confounding and Effect Modification
Distorting Relationship Between Hyperbilirubinemia and Neurologic
Abnormality*

A, COMBINED RESULTS ON PRETERM AND TERM INFANTS

Abnl N % Abnl
Bilirubin = 20 30 300 10 RR=10/6.7
Bilirubin < 29 60 900 6.7 =1.5
B. STRATIFIED RESULTS DEMONSTRATING CONFOUNDING
1. Preterm babies
Abnl N % Abnl
Bilirubin = 20 20 100 20 RR = 20/20
Bilirubin < 20 20 100 20 =1
2. Term babies
Abnl N % Abnl
Bilirubin = 20 10 200 5 RR =5/5
Bilirubin < 20 40 800 5 =1
C. STRATIFIED RESULTS DEMONSTRATING EFFECT MODIFICATION
1. Preterm babies g
Abnl N % Abnl
Bilirubin = 20 18 100 18 RR =18/12
Bilirubin < 20 12 100 12 =1.5
2. Term babies
Abnl N % Abnl
Bilirubin = 20 12 200 : 6 RR = 6/6
Bilirubin < 20 48 800 6 =1

AspreviaTions: Abnl = abnormal neurologic examination; and RR = risk ratio.

* In the combined table (panel A), neither confounding nor effect modification can be
discerned. The results in panel A could be distorted by confounding, as illustrated in panel
B or by effect modification as in panel C.

again, the true effect of bilirubin on outcome is disclosed by stratifica-
tion. With effect modification, however, the relationship differs in dif-
ferent strata. Thus when effect modification occurs, any statement about
the effect of bilirubin on outcome must be accompanied by a statement
about which gestational age is being discussed—no one number can
summarize the effect.

The possibility of confounding and effect modification has important
implications. First, studies seeking to demonstrate a causal relationship
between bilirubin and outcome must also measure and control for other
determinants of outcome associated with bilirubin levels. Second, be-
cause effect modification by hemolytic disease or prematurity is likely,
the relationship between bilirubin and outcome must be examined sepa-
rately in babies with and without hemolytic disease, and in preterm and
term babies. The risk relationships may be different in these groups.

In most studies on the effect of hyperbilirubinemia, one or more
probable confounders or effect modifiers has not been considered. Many
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of these studies can nonetheless provide useful information, because the
direction of the potential error can be predicted. A confounder such as
prematurity or intracranial hemorrhage, which is positively associated
with both bilirubin and adverse neurologic outcome can only lead to
distortion of the effect estimate away from the null—to a false-positive
but not a false-negative result. Thus, studies in which these two possible
confounders are not considered are still valid if they have negative re-
sults. Similarly, hemolytic disease, a probable effect modifier, probably
increases the risk associated with hyperbilirubinemia. Therefore, if our
interest is in babies with no hemolysis, studies that include babies with
hemolytic disease are still of interest if they show little effect, because
they provide an upper limit for the efect size. Conversely, if such studies
do show an effect, the upper-limit estimate they provide will be too high
to be informative about babies without hemolysis.

To illustrate this point, a few studies we did not tabulate are worth
mentioning briefly. First, in the classical studies by Allen et al.,! Hsia et
al..18 and Mollison et al.32-%4 of babies with erythroblastosis, the highest
bilirubin levels were associated with an incidence of kernicterus of 30%
to 50%. Interestingly, it is from these studies of babies with severe Rh
hemolytic disease that the tradition of keeping the bilirubin below
20 mg/dl was derived; yet that rule has also been applied to babies with
no apparent hemolysis, despite strong evidence (summarized earlier)
that such babies are at much lower (if any) risk of bilirubin-induced
neurologic damage.

Similarly Hyman et al.,?° in a careful follow-up study of 405 infants
with hemolytic disease of the newborn compared 119 children whose
maximum indirect serum bilirubin exceeded 20 mg/dl with 286 children
with lower bilirubin levels. Children with higher bilirubin levels had 3
times the risk of neurologic abnormality (20% versus 6.6%), and 4.4
times the risk of sensorineural hearing loss (9.2% versus 2.1%).

Because effect modification by hemolysis (or some other factor re-
lated to erythroblastosis) is likely, the preceding studies are only mar-
ginally relevant to (those dealing with) babies without hemolysis. More-
over, these studies may be only marginally relevant to babies with
hemolysis born in 1990, or later because many other potential effect
modifiers present 20 to 40 years ago are no longer operative. In the early
erythroblastosis studies, for example, artificial rupture of membranes
was routine, leading to premature delivery.'® These infants were there-
fore at much higher risk for kernicterus. Thus the strong relationship
between elevated serum bilirubin and kernicterus observed in these
studies may be due partly to effect modification by then-current obstet-
ric and neonatal management practices, long since abandoned.

Another example of a possible effect-modifying practice is provided
by Hyman et al.!® In that study all babies receiving exchange transfusions
(and many others as well) received prophylactic streptomycin, an oto-
toxic antibiotic. Although babies with elevated bilirubin levels had a
higher risk of hearing loss even when those not receiving streptomycin
were excluded from the comparison group (thus excluding confound-
ing), it is impossible to exclude effect modification because all infants
with high bilirubin levels received streptomycin. It is certainly possible
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that a high serum bilirubin level is more ototoxic when accompanied by
streptomycin.

In summary, because confounding and effect modification by many
factors will predictably increase the observed effect size in the low-risk
group (well, term babies without hemolysis) studies in which such factors
are not considered provide useful information only if little or no effect is
found. (Conversely, if one is interested in a high-risk group—e.g., sick
premature infants with Rh disease—studies that include babies at low
risk will tend to give a lower limit for the effect size and will therefore be
most informative when they find large effects.)

Are We Measuring the Right “Risk Factor”?

Two additional studies are worth discussing. Odell et al.#2 examined
32 children at 4 to 7 years of age in whom bilirubin levels were measured
in the neonatal period. (We did not tabulate this study because 16 of the
18 abnormal infants were either premature or had hemolytic disease.)
They found that TSB was unrelated to abnormal performance, but that
the bilirubin saturation index (a measure of the saturation of serum albu-
min binding sites by bilirubin) was strongly related to subsequent abnor-
mality. The effect size in this study was incredible: a risk difference of
58% (i.e., “‘brain damage’’ occurred in 76 % of those with high saturation,
compared with 18% of those with low saturation). The small sample size,
however, could lead to a gross overestimation of the effect simply by
chance. Furthermore, two thirds of the infants enrolled were lost to
follow-up, raising the possibility of substantial bias. Finally, an effect size
this enormous is almost impossible to miss, yet no later studies have
confirmed these results.

Johnson and Boggs?® reported results of detailed neurologic and
psychometric examinations on 83 infants with a history of neonatal jaun-
dice. (Again, we did not tabulate the results because 44 [53%] of the
infants had hemolytic disease, and 27 [33%] were premature.) Although
(unlike Odell et al.) they did find a relationship between peak indirect
bilirubin > 15 mg/dl and risk of abnormality, the strongest relationship
was with duration of hyperbilirubinemia; the longer the hyperbilirubi-
nemia lasted, the greater the risk.

These studies suggest that one possible explanation for the poor
correlation between maximum serum bilirubin and outcome is that max-
imum SB is only weakly associated with the ““true” risk factor—be it free
serum bilirubin or duration of hyperbilirubinemia. As mentioned pre-
viously, this intriguing possibility could also explain the otherwise puz-
zling results of Valaes et al.,> who found phenobarbital exposure to be a
stronger predictor of performance on a visuomotor integration test than
was serum bilirubin. (This hypothesis is also supported by some bio-
chemical and animal evidence not reviewed here. 102947

What About Measurement Error? An important barrier to deciding
whether bilirubin causes brain damage is the relative inaccuracy of bili-
rubin measurements. This subject is discussed in detail elsewhere in this
issue. When different laboratories measure total bilirubin levels on stan-
dard samples (with identical bilirubin concentration) the coefficient of
variation (the standard deviation divided by the mean) is about 10%
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when the total bilirubin is in the range of 5 to 20 mg/dl.#252%9 Coeffi-
cients of variation within the same laboratory (i.e., on duplicate analyses
of the same specimen) are about half as large.* Thus, if the true serum
bilirubin is 20 mg/dl, a 10% coefficient of variation between laboratories
means that about 68% of measurements of bilirubin in different laborato-
ries will be between 18 and 22 mg/dl, and 95% will be between 16 and
24 mg/dl. Within the same laboratory, 68% of measurements will fall
between 19 and 21 mg/dl, and 95% between 18 and 22 mg/dl.

What effect will this random error have on studies of the relationship
between measurements of bilirubin and outcome? Interlaboratory varia-
bility will interfere primarily with the interpretation of descriptive stud-
ies. For example, the distribution of bilirubin levels and the frequency of
abnormalities at a given level will vary depending on whether the labora-
tory’s bilirubin levels run high or low. Analytic studies, conversely, in
which babies with high bilirubin levels are compared with babies (from
the same institution) with lower levels will be less affected by interlabor-
atory variation, because to some extent the errors will cancel out each
other. Such studies will still be affected by intralaboratory variation
(random error), however, which in general will reduce the apparent
effect of bilirubin on outcome, and make the effect more difficult to
detect statistically.

Measurements of the outcome variable are also subject to error. The
1Q is an imperfect measurement of cognition, the physical examination
an imperfect measurement of neurologic damage, and so on. Random
and nondifferential errors in these measurements will also make a true
effect of bilirubin more difficult to'detect. Differential errors in outcome
measurements, conversely, can lead to a falsely positive result.!® Such a
differential measurement error could occur if an examiner, consciously
or unconsciously, was more likely to identify a borderline neurologic
abnormality in a patient known to have been jaundiced. Studies most
susceptible to differential measurement errors are those in which the
outcome measure is not objective (e.g., “suspect” neurologic examina-
tion), and the observer is not blinded to the bilirubin status of the subject.

In summary, with the exception of unblinded studies of “*soft”” out-
comes, the primary effect of measurement error will be to bias the results
toward the null. Does this mean that null findings can be dismissed as
possibly due to measurement error? We think not. First, the measure-
ment error for bilirubin within a laboratory is not excessive compared
with other clinical measurements.*5 Although standardization of mea-
surements in different laboratories has been problematic, in multivariate
analyses of the CPP, indicator variables for site of birth were included in
the regression model,®28 thus allowing bilirubin to be related to outcome
separately for each site. More important, to the extent that research
studies reflect measurement errors present in the outside world, they
give results that are more, not less, useful clinically. A clinician caring for
a jaundiced baby needs to know how well routine bilirubin levels from
his laboratory predict outcome. A possible relationship between “true”
bilirubin (but not measured bilirubin) and neurologic outcome is of little
relevance clinically, because the clinician has no way of knowing what
the “‘true” bilirubin is. '
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Similar considerations apply to errors in measurement of the out-
come. When a study finds bilirubin is not associated with IQ or neuro-
logic abnormalities, it is always possible to argue that our measures of
cognition and neurologic handicap are simply too crude to identify sub-
tle effects. Such arguments have little merit. Rather than worrying about
adverse effects so subtle that they cannot be identified, or are only
detectable statistically in groups of tens of thousands of patients, we
should redirect our efforts to more important risk factors (such as socio-
economic status and birthweight) that have large, easily measured ef-
fects on the same outcomes.

Clinical Versus Statistical Significance. Most of the smaller studies
tabulated earlier report no association between serum bilirubin and neu-
rologic outcome. Conversely, the CPP—the largest, most definitive
study, has found at least a few statistically significant relationships.

Despite the statistically significant results in the studies just men-
tioned, however, the CPP provides excellent evidence that serum biliru-
bin is not associated with subsequent IQ in any clinically important way.
Correlation coefficients of —0.03 and —0.07 mean that even if we as-
sume that the relationship is entirely causal, bilirubin explains only
0.09% and 0.49% of the variance in IQ in whites and blacks, respec-
tively. These correlations are statistically significant only by virtue of the
enormous sample size. Expressed another way, the effect size for IQ was
about 0.15 to 0.3 IQ points/mg/dl of serum bilirubin (thus the worst case
estimate for the risk of a serum bilirubin of 20 mg/dl versus 10 mg/dl is a
loss of 31Q points). For suspect neurologic examinations, the odds ratiois
about 1.02/mg/dl of bilirubin. For hearing, given the trend in the oppo-
site direction in the CPP, it seems unlikely that any adverse effect occurs
at all.

To put these effect sizes into perspective, we should consider the
magnitude of change in bilirubin presently achievable by various inter-
ventions. Exchange transfusion, too hazardous a procedure for use in
low-risk babies, resultsin a drop (after the rebound) of about 30% to 40%
of the peak bilirubin level.2® Phenobarbital given prenatally lowered the
mean serum bilirubin at 4 days by about 5 mg/dl.3¢ Phototherapy, when
used therapeutically (rather than prophylactically), as it was in the col-
laborative phototherapy trial, has little effect on peak serum bilirubin in
term infants. Even when used prophylactically in premature babies, the
effect on mean peak serum bilirubin was only a few mg/dl.8 Tin proto-
porphyrin reduced the mean serum bilirubin by only 2 to 3 mg/dl in a
group of ABO incompatible babies.2?

Thus, even if the small observed associations were completely
causal, and even if interventions to reduce hyperbilirubinemia could
completely eliminate the risk, the potential gain in IQ would be only
about 0.75 to 1.5 points—an effect only about 5% to 10% as large as the
effect of race or socioeconomic status.>® Similarly the predicted reduc-
tion in definite or suspected neurologic abnormality is also small; de-
creasing the serum bilirubin from 18 to 13 mg/dl, for example, would
produce a predicted change in the incidence of definite or suspected
abnormality from 14% to 13%. Because the effect size is so small, it is
most unlikely that a search for new interventions directed at preventing
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or treating hyperbilirubinemia will be rewarding, particularly in term
babies without hemolysis. So little is to be gained that the therapy would
be ethically acceptable only if its risk were virtually zero, and studies to
demonstrate such a level of safety would require enormous sample sizes.
Surely our time and resources would be much better spent attempting to
narrow the gaps caused by race, socioeconomic status, or lack of prenatal
care.

LIMITATIONS AND IMPLICATIONS

To Whom Do These Results Apply?

We have found, in term, well babies without hemolysis, remarkably
little evidence of adverse effects of bilirubin on IQ, neurologic examina-
tion, or hearing. In fact, the results from the CPP provide data to the
contrary that are reassuring. This conclusion is in agreement with others
who have specifically considered this group of babies.!6.24.5458

Some difficulties exist, however. We do not always know which
babies have hemolysis, and different investigators have used different
criteria that, in many cases, were not explicit. Are babies with ABO
incompatibility but a negative Coombs’ test at increased risk? What
about babies with a positive Coombs’ test, but a normal hemoglobin and
reticulocyte count? Are really good data available to support the belief
that babies with hemolytic disease (treated today) are at greater risk for
brain damage than those without hemolytic disease? ,

Asian or Mediterranean babies at risk for G6PD deficiency present
special problems.”12:13.27:49.53 Because few such babies were in the CPP,
and they were not analyzed separately, it is likely that an adverse effect
would have been missed. Unfortunately, the smaller studies in Tables 1
to 3 are mostly from Scandinavia and Hungary, where G6PD deficiency
is uncommon. Thus for babies at risk of G6PD deficiency, even if the
blood types are compatible and the direct Coombs’ test is negative, we
do not know whether their jaundice is benign.

Similar considerations apply to the determination that the baby is
“term’” and “well.” In many studies, the definition of “term’” was based
on a birthweight > 2500 gm; in others it was based on estimated gesta-
tional age. Do our conclusions apply to 2400-gm term babies or to 2700-
gm premature infants? Does the adjective “well” exclude a vigorous
infant born after 32 hours of ruptured membranes, with a moderately
elevated white blood cell count?

The answers to these questions are unknown, and clinicians must do
their best to extrapolate from existing studies. Many babies, however, do
fit unambiguously into a low-risk group, including the baby with a TSB of
17 mg/dl described at the beginning of this review. How should we
manage such an infant?

Based on our review, it would appear that the biggest risk to our
hypothetical infant is that he will be subjected to an exchange transfusion
that he does not need. We could use phototherapy—which might carry
some risk?! and is costly. We could also ask his mother to discontinue
breast-feeding for a day or two. The best strategy may be to do nothing.
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Because the benefits of exchange transfusion seem unlikely to exceed the
risks until the total bilirubin is at least 25 to 30 mg/dl, phototherapy or
interruption of nursing probably should be deferred until the bilirubin
approaches that range (i.e., until about 20 mg/dl).

CONCLUSIONS

In the 1950s, exchange transfusion to keep the TSB below 20 mg/dl
was shown to be an effective way of preventing kernicterus in babies with
erythroblastosis.1832-3 Subsequently, several investigators showed
that babies without Rh disease were less likely to develop kernic-
terus®1417.23.35 and could be managed more conservatively. In the late
1960s and early 1970s, however, pediatricians were troubled by the
statistically significant results from the CPP41? and the more striking
results of smaller studies that included many premature infants and in-
fants with hemolysis.®202542 Several postmortem observations of biliru-
bin staining of the brain in preterm infants with low bilirubin levels?®-55
raised new concerns about possible “‘brain damage” in surviving infants
who had low levels of bilirubin in the newborn period.

This information was (erroneously) extrapolated to healthy full-
term infants and, undoubtedly spurred on by medicolegal pressures, the
exchange transfusion threshold for these infants crept downward. Then
phototherapy arrived. It lowered the serum bilirubin painlessly, and
pediatricians could not be blamed for assuming that it thus reduced the
risk of bilirubin-induced brain damage. As we have demonstrated, how-
ever, no evidence exists to support the view that bilirubin levels of
20 mg/dl are hazardous to healthy term infants nor does any evidence
suggest that phototherapy has affected cognitive or neurologic outcome
in any way.5?

Past thinking about the hazards of hyperbilirubinemia in term well
babies seems to have suffered from several deficiencies. First, clinicians
have been misled by results that are statistically significant but clinically
irrelevant. The interpretation of the data from the CPP illustrates this
problem. Because of the enormous sample size, highly significant results
(low P values) were obtained although the effect sizes were trivial. Sec-
ond, many important CPP results have been published in mono-
graphs®®28 and have never been cited in the neonatal jaundice literature.
Third, the implications of confounding or effect modification by prema-
turity and hemolysis have either not been recognized or have received
insufficient attention. Premature babies and infants with hemolytic dis-
ease must be considered separately. If they are not, the relationship
between bilirubin and adverse outcome in well babies is likely to be
overestimated. Finally, the availability and apparent efficacy and innoc-
uousness of phototherapy have led to its widespread use. We now see
fewer babies with high bilirubin levels, and, consequently, little oppor-
tunity and less motivation exist to study the effects of such levels on
cognitive or neurologic outcome.

We cannot assume, however, that 1 or 2 days of phototherapy, the
interruption of nursing for 48 hours, or merely an expression of concern
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about jaundice are benign events that have no adverse consequences for
mothers and infants in the early postnatal period. In fact, the mere pres-
ence of neonatal jaundice (and the aura of alarm that it engenders) has
negative consequences for maternal behavior and attitudes in the early,
crucial months of infant development.?! Laboratory investigations are
initiated and often repeated in normal infants with physiologic jaundice.
These tests are painful for the infant, distressing to the parents, costly,
and rarely enlightening.30-3140

The aggressive treatment of jaundice in term babies without hemol-
ysis has been questioned.!®3 We have shown that good evidence exists
that such infants are not at risk of mental or physical impairment until
serum bilirubin levels rise well above 20 mg/dl. Before we treat the
thousands of babies in our nurseries who daily manifest this benign form
of neonatal jaundice, we should be sure that the potential benefits of our
interventions outweigh the risks. Current evidence suggests that this is
not the case.
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