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puzzle unsolved
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White matter injury detected by brain magnetic resonance
imaging (MRI) is now recognized to be a common finding
both before and after cardiac surgery in neonates. In 2 pre-
vious studies, investigators from the Children’s Hospital of
Philadelphia (CHOP) have reported that older age at sur-
gery is associated with white matter injury, characterized
by periventricular leukomalacia (PVL).1,2 Among 26
neonates with transposition of the great arteries (TGA), a
longer time to surgery was independently associated with
PVL on preoperative brain MRI.1 The mean time to surgery
was 5.6 days among patients with PVL, versus 3.9 days
among those without PVL. In a subsequent study, 37 neo-
nates with hypoplastic left heart syndrome (HLHS) under-
went brain MRI both before and approximately 1 week
after stage 1 palliation.2 A longer time from birth to surgery
was independently associated with the development of new
or worsened postoperative PVL. The mean time to surgery
was 5.3 days among those with a large volume of acquired
postoperative PVL, versus 3.1 days among those with a
small volume or no new PVL.2 These findings are provoc-
ative, especially given the age at surgery for patients with
TGA and HLHS in current practice. In the most recent
data from the Society of Thoracic Surgeons Congenital
Heart Surgery Database, the median age at surgery was
6 days for both an arterial switch and a Norwood proced-
ure.3 The mechanisms underlying an association between
older age at surgery and white matter injury are not known.
This knowledge gap serves as an impetus for further study
of preoperative cerebral blood flow and oxygenation.

In this issue of the Journal, Lynch and colleagues4 from
CHOP examine cerebral hemodynamics between the time
of birth and surgery in neonates with either TGA or
HLHS. Lynch and colleagues4 used a custom-made optical
instrument that combines 2 distinct near-infrared light tech-
niques, diffuse optical spectroscopy (DOS) and diffuse cor-
relation spectroscopy (DCS). DOS is akin to the
commercially available near-infrared spectrographic
(NIRS) devices now in widespread use. The commercial

devices measure the attenuation of continuous-wave near-
infrared light. This measurement is sensitive to ambient,
room light and is affected by both tissue absorption and
scattering.5 The commercial devices provide reliable trends
but not absolute values of cerebral oxygenation. In contrast,
DOS uses frequency domain or modulated near-infrared,
rather than continuous-wave NIRS, and provides measure-
ment of absolute levels of cerebral oxyhemoglobin and de-
oxyhemoglobin. From these, a value for cerebral oxygen
saturation is derived (ScO2). The DOS algorithm is less
influenced by light scatter, and it gives a reliable absolute
value for ScO2.

5 DOS has been validated in both animals
and humans.6-8 In a study of children undergoing cardiac
catheterization, ScO2 was found to be related to both
arterial and jugular venous bulb saturation, with an
arterial contribution of 16% and a venous contribution of
84%.7

DCS quantifies temporal fluctuations in reflected near-
infrared light, which are largely caused by the motion of
red blood cells.5 This allows derivation of a tissue blood
flow index (BFI). BFI is in different units from blood flow
(cm2/s) and is not a measure of absolute flow. Relative
changes in BFI, however have been found to reflect relative
changes in blood flow.5 DCS has also been validated in both
animals and humans. BFI has been found to correlate with
cerebral blood flow measured by MRI in the superior
sagittal sinus of neonates with TGA and HLHS,8 as well
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as the jugular veins and superior vena cava of children with
functional single-ventricle heart defects.9 BFI has also been
found to correlate with cerebral blood flow measured by
xenon-enhanced computed tomography in adults with
head injury,10 transcranial Doppler ultrasonography in pre-
mature infants,11 and fluorescent microspheres in piglets.12

The current study by Lynch and colleagues4 includes 48
neonates, 24 with TGA and 24 with HLHS. Optical mea-
surements were made once daily for a mean of 4 days and
stopped once the patient went to surgery. ScO2 was deter-
mined by DOS, and BFI was determined by DCS. Arterial
oxygen saturation and hemoglobin levels were also
measured. From these values, cerebral oxygen consumption
and oxygen extraction fraction were derived. The primary
finding of the study is that ScO2 decreased over time, with
a mean decrease of 2.2% per day. BFI and cerebral oxygen
consumption did not change. The decrease in ScO2 resulted
in a corresponding increase in the calculated oxygen extrac-
tion fraction. Several limitations of the study deserve
mention. Measurements were made only once per day, so
possible intervening fluctuations were not taken into ac-
count. Several factors that may affect cerebral blood flow
were not detailed, including ventilatory support, sedative
medications, blood pressure, and carbon dioxide levels.
The figures show considerable interpatient variation in the
measured variables (ScO2 and BFI). Finally, 33 of the 48 pa-
tients had a brain MRI immediately before surgery. We are
not told what the findings were with respect to white matter
injury; it would be of interest to see how ScO2 correlated
with the MRI findings.

What is the explanation for the observed decrease in
ScO2? In their discussion, Lynch and colleagues4 state
that cerebral oxygen demand may be expected to increase
after birth; if cerebral blood flow did not increase in
response, then the decrease in ScO2 could reflect decreased
oxygen delivery relative to demand. In these patients, how-
ever, neither cerebral oxygen consumption nor BFI
changed during the study. Assuming that the study meth-
odology is accurate and the resulting measurements reli-
able, the most likely explanation for the decrease in ScO2
would appear to be a decrease in hemoglobin. During the
course of the study, the mean hemoglobin level decreased
by 2.1 g/dL, or approximately 13% of baseline values, pre-
sumably as a result of blood sampling. Although this
decrease was not statistically significant, it could well
have been clinically significant. Because systemic oxygen
saturation and cerebral blood flow were unchanged, the
decrease in hemoglobin would have resulted in a propor-
tional decrease in cerebral oxygen delivery. Given constant
cerebral oxygen consumption, this would have resulted in
a corresponding decrease in cerebral venous oxygen satu-
ration (of 13%), which would seem to account for the
observed decrease in ScO2 (roughly 8.8% over 4 days).
This study’s primary finding may be a reflection of the

importance of limiting blood draws and hemodilution in
the intensive care unit.

There is certainly intuitive appeal to the hypothesis that a
decreasing preoperative cerebral oxygen level could lead to
hypoxic-ischemic white matter injury, and that further
injury should be avoided by moving to earlier surgery. In
this context, it would be reassuring if cerebral oxygenation
improved after surgery. Previous work by this group, how-
ever, has shown that ScO2 values after an arterial switch are
similar to preoperative levels, whereas ScO2 values immedi-
ately after stage 1 palliation for HLHS are roughly 8%
lower than preoperative levels, and they decline further dur-
ing the next 12 hours.2,13 Other studies using commercially
available NIRS monitors have also found that cerebral
oxygen levels decrease after a Norwood procedure, with
the decrease ranging from 9% to 19% relative to
preoperative levels.14-17 The effect of surgical timing on
the overall health of cerebral oxygenation remains open
for further investigation.

What do we know about the relationship of perioperative
cerebral oxygenation to brain injury in children undergoing
cardiac surgery? Lower perioperative cerebral NIRS values
have been associated with postoperative MRI evidence of
ischemia,18 as well as with worse neurodevelopmental
outcome.19-22 Lynch and colleagues’ previous study2 found
an association between lower preoperative ScO2 and new or
worsened postoperative PVL (P¼ .09); however, there was
no association between postoperative ScO2 and PVL. It is
interesting that preoperative ScO2 would be linked to brain
injury whereas a lower level just 12 hours later (after sur-
gery) might not be. Lynch and colleagues4 suggest that pre-
operative patients may be particularly vulnerable because of
an inability to decrease cerebral vascular resistance and in-
crease cerebral blood flow in response to increasing oxygen
demand, or to other stresses such as hypoxia or anemia.4,23

Their previous work, however, has shown that preoperative
neonates with either TGA or HLHS consistently
demonstrate increased cerebral blood flow in response to
hypercapnia,8,24 indicating preservation of physiologic
reserve in the cerebral vascular bed. Certainly, more work
is necessary to clarify and reconcile these findings.
Cerebral oxygenation, white matter injury, and the link
between these remain pieces in a puzzle as yet unsolved.

The days immediately after birth are a physiologically
complex time for a neonate with critical heart disease.
The CHOP group’s optical device seems to be a powerful
tool for noninvasive, bedside assessment during this time.
Further steps toward validation and application by other
groups are desirable. Investigators from CHOP have made
numerous and important contributions to our understanding
of brain development, perioperative brain injury, and neuro-
developmental outcomes in infants undergoing congenital
heart surgery. Their studies have required an impressive in-
vestment of time and resources. Future studies by this group
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