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The effects of cardio-
pulmonary bypass and
profound hypothermic
circulatory arrest on
anterior fontanel
pressure in infants

The Ladd ansducer was used to measure anterior fontanel pres-
sure in 23 infants undergoing cardiopulmonary bypass and pro-
found hypothermic circulatory arrest for surgical correction of
congenital heart disease. Mean (+ 5D) minimum oesophageal
and rectal temperatures of 11.3 * 1.5°C and 18.1 = 2.2°C
respectively were achieved with a mean duration of arrest of
53.4 = 13.9 minutes. During reperfusion cardiopulmonary by-
pass after circularory arrest, mean anterior fonianel pressure
(18.3 = 6.4 mmHg) increased above baseling pre-bypass values
(10.6 * 2.9 mmHg) (p < 0.005). Mean arterial blood pressure
decreased significantly from pre-bypass values (57.0 = 11.8
mmHg) during both cooling (38.8 = 8.4 mmHg) and rewarming
cardioputmonary bypass (45.8 £ 8.9 mmHg) (p < 0.005). These
changes were associated with a significant decrease in cerebral
perfusion pressure during covling (27.3 = 11.0 mmHg) and
rewarming cardiopulmonary bypass (27.5 £ 10.6 mmHyg), com-
pared with baseline pre-bypass values (46.5 = 12.3 mmHg)
{p < 0.005). The dara demonstrate significant but transienz de-
creases in cerebral perfusion pressure during cooling and re-
warming bypass.

Key words

ANAESTHESIA, PAEDIATRIC: monitoring;

LADD TRANSDUCGER: surgery, anterior fontanel pressure;
TECHNIQUES: cardiopulmonary bypass.

From the Departments of Anaesthesia and Curdiovascular
Surgery and the Research Institute, The Hospital for Sick
Children, University of Toronto, Toronto, Ontario. Presented
in part at the Annual Meeting of the American Society of
Anesthesiologists, Las Vegas, October 1986.

Address correspondence to: Dr, F. A. Burrows, Department
of Anaesthesia, The Hospital for Sick Children, 355 University
Avenue, Toronto, Ontario, M5G [X8.

CAN J ANAESTH 1987/ 34: 5 / pp450-4

Studies in adults have demonstrated significant decreases
in cerebral perfusion pressure (CPP) during cardiopulmo-
nary bypass (CPB).!~? Similar data in infants under-
going CPD with profound hypothermic circulatory arrcst
(PHCA) are lacking. Inadequate CPP during CPB may be
associated with postoperative neurological deficit, and a
knowledge of changes in perfusion pressure is important
for the management of these infants.

Mean arterial blood pressure alone is a poor indicator of
CPP,' which is defined as mean arterial blood pressurc
minus intracranial pressure (MAP — ICP). Intracranial
pressure in the infant can be estimated noninvasively
using the Ladd transducer to measure anterior fontanel
pressure. This device consists of a pressure sensitive
membrane on which is mounted a mirror, a fibreoptic light
source and a pneumatic system. Distortion of the mem-
brane by a change in pressure alters the reflection of light
back to the monitor which responds by altering the air
pressurc in the system to equalize pressures across the
membrane. The pressure required to balance the system is
constantly displayed on the monitor as anterior fontanel
pressure.® Although affected by application pressure, the
measured anterior fontanel pressure (AFP) correlates well
with intracranial pressure (ICP) in infants.®

Methods

With the approval of the Human Subject Review Commit-
tee, 23 infants (< 10 months of age) admitted to The
Hospital for Sick Children for surgical repair of congeni-
tal cardiac defects requiring cardiopulmonary bypass and
profound hypothermic circulatory arrest were studied.
Infants over the age of ten months, who may have a
fibrous anterior fontanel, were excluded. Premedication
of intramuscular atropine 20 pg-kg™' was administered
30-60 minutes preoperatively. On arrival in the operating
room, the hair over the anterior fontanel was shaved and
tincture of benzoin was applied to the scalp. Following
calibration of the Ladd transducer and single-channel
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chart recorder, the transducer was laid over the fontanel
and held in place using a 3 cm by 3 cm piece of adhesive
foam (3M Canada Inc., North York, Ontaric). Excessive
application pressure was avoided and the response to
Queckenstedt's manoeuvre noted.” Intravenous access
and routine monitoring (electrocardiograph, doppler pulse
monitor, sphygmomanometer cuff, pulse oximeter and
precordial stethoscope) were established.

Infants were anaesthetized according to the preference
of the anaesthetist, by intravenous induction with fentanyl
10-30 pg-kg™' (n = 17) or morphine 2mg-kg™! (n = 2),
by inhalational induction with halothane (n = 1) or
isoflurane (n = 1), or by intramuscular ketamine 10 mg-
kg~! (n = 2). Neuromuscular blockade was achieved with
pancuronium bromide 0.15 mg-kg~' given intravenously.
The trachea was intubated either nasally or orally, and
intermittent positive pressure ventilation was commenced
to maintain PaCQ, in the range 35-40mmHg, with an
FiO; of 0.7-1.0. During stable general anaesthesia a
cannula was inserted into a peripheral artery for measure-
ment of systemic blood pressure, and in ten patients a
cannula was inserted transcutaneously into the superior
vena cava via the internal or external jugular vein, to
monitor central venous pressure (CVP).

Anacsthesia was maintained with a high-dose narcotic
technique using either fentanyl (n = 21) or morphine (n =
2). No inhalational agents were given after the induction
period and patients were ventilated with an airfoxygen
mixture. Following anticoagulation with heparin 300
Iukg™!, nonpulsatile CPB was established using a stan-
dard roller pump (Cobe Canada Limited, Scarborough,
Ontario) and a 0.8 or 1.5m? membrane oxygenator
{Kolobow Scimed, Minneapolis, Minnesota). The CPB
circuit was primed with blood and Plasmalyte (Travenol,
Mississauga, Ontario) solution plus mannitol 25 per cent
4ml-kg~' to maintain a haematocrit of 30 per cent. CPB
flows were 2.4-3.2L-m? Cardioplegia solution con-
sisted of modified Roe's solution with 20mEq:L™" of
sodium bicarbonate solution in an initial dose of 300 ml-
m™" body surface area, and 150 ml-m~2 given at approxi-
mately 30-minute intervals. Profound hypothermia with
circulatory arrest was used, with mean (* SD) minimum
oesophageal and rectal temperatures of 11.3 = 1.5°C and
18.1 + 2.2°C, respectively. Vasodilators were adminis-
tered as necessary to assist rewarming during CPB (Table
1.
Throughout the study, AFP, MAP and CVP were
recorded continuously, CPP was calculated as MAP —
AFP. MAP, CVP, AFP and CPP were analyzed at
five-minute intervals to give mean values during four
periods: pre-bypass, cooling bypass, rewarming bypass
(immediately after hypothermic circulatory arrest), and
post-bypass. During each period oesophageal and rectal

TABLE I Vasodilators administered to assist rewarming during CPB

Number of paticnts

Nitroglycerine

Phentolamine

Nitroglycerine + phentolamine
Isoflurane

Isoflurane + phentolamine
None

&= = kO~

temperatures were recorded, and PaCQ, was measured.
Arterial blood samples were analyzed at 37°C and values
of PaCO, were not corrected for temperture. The duration
of each phase of CPB and hypothermic circulatory arrest
was noted. Time taken for AFP to return to cooling bypass
levels during rewarming bypass was also noted.

To determine whether there was any baseline drift
during hypothermia, the performance of the transducer
was assessed under hypothermic conditions, both in vitro
and in vive. The transducer was immersed in 10cm of
water in a water bath at 37°C, and pressure was recorded
as the water bath temperature was reduced to 8°C. To
ensure accuracy under clinical situations, the transducer
was laid over the forehead of a patient undergoing
hypothermic CPB and PHCA. The transducer was se-
cured in place with a piece of adhesive foam, and any
change in baseline was noted as the child underwent
hypothermic CPB and PHCA. The forehead was used so
that any observed change in pressure would be due to the
change in temperature. The temperature of the forehead
skin under the foam was also recorded using a standard
skin-temperature probe.

Statistical analysis

Mean values of MAP, CVP, AFP and CPP were
compared with their pre-CPB values, repetitive measures
analysis of variance and the Student-Newman-Keuls
multiple range test. Statistical significance at the level of
p < 0.05 was accepted. All data are presented as means
+ 8D.

Results

Eighteen male and 5 femalc infants werc studied. Mean
(* 8D) age and weight were 18.8 + 11.3 weeks and 5.3
* 1.7kg, respectively. The indications for surgery are
shown in Table 1I. The mean circulatory arrest time was
53.4 = 13.9 minutes, with cooling and rewarming bypass
times of 23.8 * 9.4 and 42.4 * 23.8 minutes, respective-
ly. Compared with pre-bypass values, MAP decreased
significantly during both phases of bypass (Table III),
CVP and AFP were significantly elevated during rewarm-
ing CPB (p < 0.0l and < 0.005, respectively). These
changes resulted in a significant reduction in CPP (p <
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FIGURE Recording of AFP during CPB + PHCA from a representative patient. (a) carotid artery compression at onset of cooling CPB;
(h) onset of PHCA; (c) reperfusion following PHCA; (d) obstruction of venous return to oxygenator; (¢) carotid artery compression at

termination of CPB.

TABLE II Type of surgery

Procedure Number of patients

Repair of transposition of

the great arteries
~ Mustard repair
~ Switch repair
Atrioventriculoseptal defect repair
Ventriculoseptal defect repair
Truncus arteriosus repair
Avortic valvoplasty

- W tn W 0o

0.005) during cardiopulmonary bypass. There was no
significant change in the PaCO,. The mean duration of
elevated AFP (i.c., time to reach a stcady plateau) during
rewarming was 16.3 * 7.6 minutes.

A representative recording of AFP from one patient
during CPB and profound hypothermic circulatory arrest
is shown in the Figure.

The in vitro study of the performance of the Ladd
transducer demonstrated that the baseline shifted from
OmmHg to 3.2 mmHg as the temperature of the water
bath was reduced from 37° C to 8° C. In vivo, there was a

baseline shift of +1.0mmHg as thc forchead skin
temperature was reduced from 33.2°C to 17.7°C (corre-

sponding to a rectal temperature of 18.1°C).

TABLE 1Il Pressures during each phase of CPB (mmHg)

Discussion

This study demonstrates that cercbral perfusion pressure
decreases significantly during cardiopulmonary bypass in
infants undergoing profound hypothermic circulatory
arrest. During cooling bypass this decrease is primarily
due to a relative hypotension, with insignificant changes
in AFP. On reperfusion after circulatory arrest, it is due to
both a relative hypotension and a significant increase in
anterior fontanel (or intracranial pressure).

In adults, Lundar et al.'™* have used an epidural
transducer to measure ICP during hypothermic CPB. As
in our study, ICP was unchanged at the onset of CPB, and
CPP was reduced rapidly to less than 30 mHg, secondary
to a decrease in MAP, in 88 per cent of patients.' ICP
remained stable during established CPB, except where
there were fiuctuations in CVP caused by the surgical
pracedure or obstruction of the venous blood flow to the
extracarporeal oxygenator. At termination of CPB there
were similar increases in ICP secondary to increased
CVP.

The increase in AFP seen in our study is most likely
multifactorial. It may merely reflect increased CVP
(Table III). Four patients who hud CVP monitoring

underwent Mustard repair for transposition of the great
arteries, in which one would expect CVP to be raised

during rewarming CPB. Excluding these four infants,

Cooling Rewarming Post-

Pre-CPB CcPB CcPB crP8
Mean systemic arterial blood pressurc  57.0£ 11,8 35.8* x84 45.8%* =89 54480
Cenltral venous pressure 8.0x58 84x70 1725 =74 12437
Anterior fontanel pressure 106*29 11.6*43 18.3*r 6.4 3632
Cerebral perfusion pressure 46.5% 123 271.3*=11.0 27.5%%10.6 45613
PaCO, (mmHg) 34585 38.6+87 37.5=9.7 33.8%6.5

Data are mean values (* SD)
*p < 0.005 {compared with pre-CPB).
+p <0.01 (compared with pre-CPB).
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mean CVP was 14,9 £ 5.1 mmHg during rewarming,
which is still significantly greater than pre-CPB values (p
< 0.05). However, in none of the patients did the duration
of increase in AFP parallel changes in CVP,

The increased AFP may be a temperature-related
hyperaemia. Raised ICP has been reported during slow
rewarming in conscious patients who have been cooled to
body temperatures of 29-33°C for periods of up to 198
hours. This increase has been attributed to increases in
cerebral interstitial fluid volume and intracranial blood
volume.® Furthermore, after a period of vascular arrest all
tissues show increased blood flow, and such a reactive
hyperaemia is more marked in the brain than elsewhere. ®
This “hyperperfusion syndrome™ is probably initiated by
abnormal accumulation of cerebral metabolities. How-
ever, during PHCA one would expect a marked decrease
in cerebral metabolic rate. While only minimal accumula-
tion of metabolites would be anticipated, it may be
sufficient to cause short-lived cerebral oedema. The use of
intravenous nitroglycerine during rewarming CPB may
also have affected ICP.' Similarly, inhalational agents,
including isofiurane, increase cerebral blood Aow (CBF)
and consequently ICP.'"" Cerebral blood flow is also
markedly increased by haemodilution,'? and sudden
reperfusion with a perfusate of low haematocrit may be a
factor in raised ICP. Such changes might be expected to be
offset by an increase in blood viscosity due to profoundly
low temperatures at the time of reperfusion, Reasons for
the observed increase in ICP may, therefore, be multi-
factorial.

Caleulations of CPP alone do not necessarily give an
accurate indication of the adequacy of cerebral perfusion.
CBP depends on other factors, of which the most
important is autoregulation of the cerebral circulation.
Reductions of CPP, below the lower limit of autoregula-
tion (LLAR), may result in cerebral hypoxia and neuro-
logical deficit. Studies of CBF in infants undergoing
hypothermic CPB have not been performed, and the
LLAR has not been established in this group of patients.
However, studies in adults during CPB have produced
conflicting estimates of LLAR. Govier et al.'’ have
demonstrated that LLAR appears to be as low as MAP
20-30 mmHg, while Henriksen and coworkers'* have
shown a decrease in CBF related to decrease in MAP
below 55 mmHg. CBF remains responsive to changes in
arterial PCO; duting hypothermic CPB,'? and differences
in management of CO, homeostasis may be responsible
for these conflicting results. As in the study by Govier et
al.’ we measured PCO, values without temperature
correction, whereas Henriksen et al.' used temperature-
corrected values, which have been shown to result in
higher CBF values. 5!

1t is possible, therefore, that LLAR is also extended in

infants, and this phenomenon may protect the brain from
the risk of cerebral ischaemia. In addition, reductions in
CBF may be tolerated during hypothermic CPB because
of a concomitant reduction in cerebral oxygen utilization,
In adults under these circumstances, Murkin e al.'® have
demonstrated a cerebral oxygen supply in excess of
cerebral oxygen demand. The effects of rapid cooling and
the low temperatures at the onset of reperfusion after
PHCA may protect the brain from the observed reductions
in CPP.

A problem associated with some studies using the Ladd
transducer has been the method of fixation, and several
techniques have been recommended. A very good corre-
lation between measurements of AFP from the Ladd
transducer, and from simultaneous measurements of
cercbrospinal fluid pressurc at ventriculostomy or lumbar
puncturc has been demonstrated by Hill and Volpe.®
Using their method we have shown a clinically insigni-
ficant baseline drift of 1.0 mmHg during hypothermia to a
mean rectal temperature of 18.1°C.

In conclusion, we have demonstrated that in infants
undergoing CPB there are significant decreases in cere-
bral perfusion pressure. These are associated with a
relative hypotension and, during reperfusion after pro-
found hypothermic arrest, a significant increase in anterior
fontanel pressure. Further studies of cerebral blood flow
and cerebral metabolism during CPB and PHCA in
children are indicated.
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Résumé

Le transducteur de Ladd a é1é wtilisé pour mesurer la pression
de la fontanelle antérieure chez 23 nourrissons sous circulation
extra-corporelle et arrét circulatoire en hypothermie profonde
pour correction chirurgicale de maladie cardiaque congénitale.
Des températures oesophagiennes el rectales minimales moyennes
(= SDjde f1.3 % 1.5°Cetde 181 % 2.2°C respectivement,
ont é1€ atteintes avec une durée moyenne d'arrétde 53.4 + 13.9
minutes. Pendant la circulation extra-corporelle de reperfusion,
post-arrét circulatoire, la pression moyenne de la fontanelle
antérieure (18.3 = 6.4 mmHg) s’ est élevée au-dessus des valeurs
de base pré-circulation extra-corporelle (10.6 * 2 9mmHg)
(p < 0.005). La pression artérielle moyenne a diminué de fagon
significative sous les valeurs pré-circulation extra-corporelle
(57.0 = ]1.8mmHg) durans le refroidissement (38.8 £ 8.4
mmilg) et le réchauffement (45.8 = 8.9 mmHg) (p < 0.005).
Ces changements éraient associés @ une diminurion significarive
de la pression de perfusion cérébrale au refroidissement (27.3 £
11.0 mmHg) et au réchauffemen: (27.5 + 10.6 mmHg) en conr-
paraison aux valeurs de base obtenues (46.5 * 2.3 mmHg)
(p < 0.005). Les données démonirent des diminutions signift-
catives, quoique transitoires, de la pression de perfusion céré-
brale durant le refroidissement et le réchauffement sous circula-
tion extra-corporelle.



