
for the DNA pooling approach, but only 4 were necessary
for the 4 leukocyte pools. We performed 100 leukocyte
counts with an automated analyzer capable of measuring
120 samples per hour; 100 DNA concentrations were mea-
sured with the Nanodrop system by 1 person for 3 to 4 h. A
limitation of the leukocyte pooling approach is that no
individual DNA samples are available for genotyping, a
shortcoming that may necessitate individual DNA prepara-
tions at a later time point. It should be noted, however, that
leukocyte pooling is advantageous even when individual
DNA has been prepared, because it obviates the need for
time-consuming, highly accurate measurement of DNA con-
centrations, which is not needed for most other purposes. In
summary, we believe that leukocyte pooling should always
be considered if SNP analysis from pooled DNA is planned.
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Background: Ischemic-reperfusion injury of the brain is
a major adverse event after cardiac surgery, especially
when extracorporeal circuits are used. Because brain
injury induces local overproduction of activin A, we
measured plasma concentrations in children after open
heart surgery with cardiopulmonary bypass (CPB) to
investigate the potential of measuring activin A for
early identification of infants at risk for brain damage.
Methods: We evaluated 45 infants (age <1 year) with
congenital heart defects: 36 without overt neurologic
injury, and 9 with neurologic injury on day 7 after the
surgical procedure. Blood samples were taken before
surgery, during surgery before CPB, at the end of CPB,
at the end of surgery, and at 12 h after surgery. Neuro-
logic development was assessed before surgery and on
postoperative day 7.
Results: Activin A concentrations increased signifi-
cantly during surgery (P <0.0001) to a maximum at the
end of CPB. Infants who developed abnormal neuro-
logic sequelae had concentrations significantly higher
(P <0.0001, all comparisons) than patients with normal
neurologic outcome at all evaluated times, but not
before surgery. Activin A had a sensitivity of 100% (95%
CI, 66%–100%) and a specificity of 100% (95% CI,
90%–100%) as a single marker for predicting neurologic
abnormalities (area under the ROC curve, 1.0).
Conclusions: Activin A increases in children who expe-
rience poor neurologic outcomes after open heart sur-
gery, and its assay may help in early identification of
infants at risk for brain damage.
© 2007 American Association for Clinical Chemistry

Table 1. Numeric data for allele quantification in DNA and leukocyte pools.

SNP analysis Target value, %

Pool (100 samples) based on DNA concentration Pool (100 samples) based on leukocyte count

Mean of 3 pools, % (SE) Mean of 4 pools, % (SE)

FV 4.0 5.3 (0.9) 5.1 (1.2)
LCT T/C 48.00 46.7 (0.4) 44.1 (0.4)
LCT A/G 45.50 48.7 (0.4) 46.0 (0.2)
FII 0.50 0.00 (0.00) 0.00 (0.00)

See Fig. 1B for graphical presentation of these data.
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Open heart surgery with cardiopulmonary bypass (CPB)
is associated with delayed motor development and neu-
rologic abnormalities in children (1 ). Despite accurate
intraoperative monitoring during CPB, brain damage
may occur at a subclinical stage, with sedation effects
hiding clinical symptoms and monitoring variables (2, 3).
The brain produces several factors after different types of
injuries (3 ), and production of activin A has been ob-
served both in vitro and in vivo (4 ). Activin A, a glyco-
protein produced in the central nervous system (5 ),
enhances the survival of midbrain and hippocampal neu-
rons (4–7), decreases ischemic brain injury in infant rats
(4, 8), and shields striatal and midbrain neurons against
neurotoxic damage (4, 9). Activin A concentrations are
highest in preterm newborns after perinatal hypoxia (10 ),
in infants experiencing intraventricular hemorrhage (11 ),
and in perinatal asphyxia (12 ). We investigated measure-
ment of the low relative molecular mass form of activin A
(Mr � 26 000) in blood as a method to monitor possible
cerebral distress during CPB in children undergoing car-
diac surgery for repair of congenital heart defects.

From January 2001 to June 2004, we conducted a
case-control study of 45 infants (23 males and 22 females)
who had no preexisting neurologic disorders or other
comorbidities and were admitted to our referral centers
for pediatric cardiac diseases [tetralogy of Fallot (n � 22),
transposition of the great arteries (n � 9), aortic stenosis
(n � 7), tricuspid atresia (n � 2), atrioventricular canal
(n � 3), and multiple interventricular septal defect (Swiss
cheese type; n � 2)]. The 36 infants with no overt
postoperative neurologic injury represented the group
with no brain injury, and the remaining patients (n � 9),
who developed neurologic injury on follow-up day 7,
represented the brain-damage group.

Heparinized samples of blood taken at 4 time points
[before surgery (time 0), during surgery before CPB (time
1), at the end of CPB (time 2), at the end of surgery (time
3), and 12 h after surgery (time 4)] were assayed for
activin A. The blood samples were centrifuged, and the
plasma fractions were divided into several aliquots and
stored at �20 °C until assay. We recorded laboratory and
standard monitoring variables (peripheral and nasopha-
ryngeal temperatures, pump flow rate, mean arterial and
left/right atrial blood pressures, arterial blood pH, carbon
dioxide and oxygen partial pressures, bicarbonate concen-
trations, base excess, glycemia, ion concentrations, oxygen
saturation of tissue, and heart rate) at all perioperative
time points. Informed consent was obtained before pa-
tient inclusion in the study, which was approved by the
local human-investigation committee. Anesthetic and
standardized CPB (�-stat regimen) techniques were per-
formed according to previously published protocols (1 ).

Neurologic development was assessed preoperatively
and on postoperative day 7 by the same examiner (all
cases admitted to the study were followed at the Depart-
ment of Cardiac Surgery, S. Donato Milanese University

Hospital) with the Amiel-Tison Neurological Assessment
at Term test, a consolidated neurologic test applied in the
neonatal intensive care unit (NICU) and pediatric inten-
sive care unit (13 ). An assessment of neurologic outcome
was established for day 7, in accordance with discharge
times for patients with no complications. Specifically, a
single examiner at each center tested for resistance against
passive movements, visual pursuit, reaching and grasp-
ing, and responses to visual and acoustic stimuli. Results
were compared with those characteristic for infants of that
age (in months) and scored as “normal” or “abnormal”.

Activin A was measured by means of a specific 2-site
enzyme immunoassay (Serotec) (11 ). The analytical detec-
tion limit of the activin A assay was �0.001 �g/L, and
intraassay and interassay CVs were 2.5% and 3.0%, re-
spectively, for concentrations between 0.5 �g/L and 4.5
�g/L. The activin A assay does not cross-react with
inhibin A, inhibin B, follistatin, or activin B.

The Kolmogorov–Smirnov test showed experimental
values to have a gaussian distribution, and data were
expressed as the mean (SD). Statistical significance was
assessed by one-way ANOVA for repeated measures
(followed by the post hoc Tukey test for multiple com-
parisons) and the unpaired t-test when only 2 groups
were compared. Pearson correlation coefficients were
calculated to test the linear correlation of activin A con-
centration with CPB duration and with NICU stay (in
days). We used ROC curve analysis (14 ) to estimate the
probability of developing neurologic abnormalities ac-
cording to the activin A concentration and compared this
probability with the pretest probability, which was de-
fined as the prevalence of brain damage in the entire
group of infants (15 ). Statistical significance was assumed
whenever P �0.05.

The values of clinical laboratory and standard moni-
toring variables recorded at the predetermined time
points remained within the reference limits (P �0.05 for
all variables; data not shown). Age, weight, male/female
distribution, and CPB, clamping, and circulatory arrest
durations did not differ between the 2 groups (Table 1).
Neurologic examinations on day 7 after the surgical
procedure revealed neurologic abnormalities in 9 infants
(brain-damage group: hypertonia/hypotonia syndrome, 6
patients; hemisyndrome, 3 patients) whose stays in the
NICU were significantly longer (P �0.001) than in the
group with no brain injury. Activin A was detectable in all
samples (range, 0.20–3.2 �g/L). The lack of significant
differences with respect to sex and gestational age at birth
(P �0.05, all comparisons; data not shown) confirmed
previous data (16 ). Concentrations increased significantly
(P �0.0001) during surgery in both groups of children and
reached the highest concentrations at the end of CPB in
the group with no brain injury, and at the end of CPB and
at the end of surgery in the children with poor neurologic
outcomes (brain-damage group). Activin A concentra-
tions at these time points were significantly higher
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(P �0.01 for all comparisons) than those of other time
points (Fig. 1). Concentrations at times 1–4 were signifi-
cantly higher (P �0.0001) in children with brain damage
than in those with normal neurologic outcomes on day 7
of follow-up (Fig. 1). Finally, activin A concentration was
significantly correlated with CPB duration [group with no
brain injury, Pearson r � 0.974 (P �0.0001); brain-damage
group, Pearson r � 0.913 (P �0.0001)] and NICU stay
[Pearson r � 0.866 (P �0.0001); data not shown].

At cutoff values chosen by the ROC curve analysis
(time 1, �0.94 �g/L; time 2, �1.4 �g/L; time 3, �0.85
�g/L), the activin A assay conducted in the perioperative
periods demonstrated a sensitivity of 100% (95% CI,
66%–100%) and a specificity of 100% (95% CI, 90%–100%)

for predicting neurologic abnormalities [area under the
ROC curve, 1.0; 95% CI, 0.92%–1.0% for all time points
(data not shown)]. Nine of 45 neonates developed neuro-
logic abnormalities, for an overall prevalence of the dis-
eases in the study population of 20% (95% CI, 8.4%–32%).
This percentage was the predicted probability of a poor
neonatal outcome before measuring the activin A concen-
tration (pretest probability). At activin A concentrations
greater than the thresholds defined by the ROC curve
analysis, the probability of a poor outcome was as high as
100% (95% CI, 99%–100%), whereas if the activin A
concentration remained unchanged, the probability was
0% (95% CI, 0%–1.9%; data not shown).

Our study provides evidence that the activin A con-
centration increases during CPB and correlates with CPB
duration and NICU stay, suggesting a link between the
increase in activin A and the degree of the cerebral
distress. Open heart surgery with CPB is associated with
brain injury (1 ). The activin A concentration in the brain
increases in vitro after several cerebral injuries (4 ), and
increased activin A secretion in vivo has been associated
with cerebral hypoxia (10, 17), intraventricular hemor-
rhage (12 ), and hypoxic ischemic encephalopathy (10 ).
Moreover, the evidence that activin A concentrations are
higher in cerebrospinal fluid than in serum (18 ) and
strongly correlated with markers of brain damage (19 )
indicates definite activin A production and secretion
within the central nervous system. Our findings of in-
creased activin A concentrations in the bloodstreams of
infants during cardiac surgery with CPB suggest that the
activin A concentration increases after cerebral distress.
When peculiar hemodynamic adaptive mechanisms in the
brain are present in children (1 ), CPB presumably is

Table 1. General characteristics and CPB-monitoring
variables for the 45 infants in the 2 study groups who

underwent repair of congenital heart disease.a

Variable
No brain injury

(n � 36)
Brain damage

(n � 9)

Age, days 132 (46) 144 (39)
Weight, g 5130 (1298) 5051 (1337)
Male/female sex, n 17/19 6/3
Neurologic examination resultsb:

Before surgery, n 36/0 9/0
After surgery (day 7), n 36/0 9/9

CPB, min 100 (30.3) 107 (23.9)
Clamping time, min 32 (2) 29 (5)
Circulatory arrest time, min 39 (4) 41 (3)
NICU stay, days 8.69 (2.5) 14.4 (2.6)*

a Durations of CPB, clamping, circulatory arrest, and NICU stay are expressed
as the mean (SD). *P �0.0001.

b Data are expressed as the numbers of patients with normal/abnormal
results in neurologic examinations.

Fig. 1. Activin A concentrations in
the blood of patients with no brain
injury (open circles) and brain dam-
age (filled circles) at the different
surgical times indicated in the text.
Horizontal bars represent the mean of
each group of values. *P �0.05, vs
times 0 and 4; **P �0.001, vs times
0, 1, 3, and 4; ***P �0.001, vs times
0 and 4. �P �0.001 (vs times 0 and 3)
and P �0.01 (vs time 4); � �P �0.001,
vs times 0 and 4; � � �P �0.001, vs
times 0 and 4.
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accompanied at least by a transient cerebral dysfunction
and by the appearance of activin A in the blood, which is
a specific response to operative stress and hemodynamic
changes. The possibility that changes in the permeability
of the blood-brain barrier mediated in part by tempera-
ture might play a role in increasing blood activin A
concentrations must also be taken into account, however,
because hypothermia determines transient perfusion de-
fects of the cerebrum’s micro and macrocirculation, par-
ticularly within the thalamus and hippocampus (20 ).

Our study also has demonstrated the usefulness of
activin A measurement for better identifying children at
risk for a poor neurologic outcome when clinical and
laboratory findings appear normal. Activin A concentra-
tions were increased before CPB in children who later
experienced brain damage, findings that suggest an in-
creased susceptibility to surgical procedures in such cases.
Monitoring activin A concentration at different times may
have potential as a test for predicting poor neurologic
outcome with 100% sensitivity and 100% specificity.
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Background: Direct equilibrium dialysis and direct
ultrafiltration free thyroxine (T4) assays rely on semiper-
meable membranes to exclude T4-binding serum pro-
teins from dialysates and ultrafiltrates. The presence of
these proteins in dialysates or ultrafiltrates will yield
spuriously high free T4 values when free T4 is quanti-
fied by RIA.
Methods: We used a nonanalog free T4 RIA that detects
and quantifies dialyzable and ultrafilterable serum free
T4 to detect T4-binding serum proteins. Two equilib-
rium dialysis devices and 3 ultrafiltration devices were
used to illustrate this application. Displacements of
[125I]T4 from anti-T4 by various concentrations of T4-
depleted thyroxine-binding globulin, albumin, and se-
rum total protein were compared to displacements by
various concentrations of free T4.
Results: Both dialysis devices excluded detectable T4-
binding serum proteins from dialysates. Two of 3 ultra-
filtration devices excluded detectable T4-binding serum
proteins from ultrafiltrates. One did not, and its ultra-
filtrate yielded spurious free T4 values that correlated
directly with serum protein concentrations.
Conclusion: The presence or absence of T4-binding
proteins in dialysates and ultrafiltrates and the spurious
free T4 values that these proteins cause can be docu-
mented using a nonanalog free T4 RIA.
© 2007 American Association for Clinical Chemistry
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