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infarction. Peak concentrations occurred 24 hours after exercise,
which is earlier than in myocardial infarction. It has been
suggested that the duration of the period of accelerated syn-
thesis of C reactive protein is related to the extent of tissue
injury. 13 14 Our finding, however, may be suggestive of differing
kinetics of induction of the acute phase response resulting from
differences in the duration of the necrotising process. That C
reactive protein concentrations were raised in the immediate
postrace sample only after the 88 km ultramarathon lasting
seven to 11 hours is compatible with the expected half life of
the protein.2 3 I1

The acute phase response is probably induced by endotoxin
and prostaglandins acting on macrophages and causing release
of interleukin 1, wvhich then affects hepatic protein synthesis.
Infusion of prostaglandin El in man may cause major increases
in concentrations of C reactive and other acute phase proteins.',
Indomethacin administered in dosages sufficient to block
prostaglandin synthesis, however, did not affect the response of
C reactive protein to intramuscular injection of turpentine in
rabbits.'6 In our study indomethacin had no effect on the acute
phase response. This suggests that prostaglandins themselves
are not essential for the induction of this response.
The fall in C reactive protein concentrations during the prc-

marathon rest period indicates a continuing minor acute phase
response during running training. Although these fit athletes
showed only small increases in concentrations after races of
21 km or less, possibly less trained individuals would show a
more significant rise at shorter running distances.

In myocardial infarction there is an excellent correlation
between peak C reactive protein concentration and creatine
kinase MB activity.:' By contrast, no such correlation could be
shown between peak creatine kinase activities and C reactive
protein concentrations in individual athletes after distance
running. Postrace serum creatine kinase activity in th se
athletes probably reflects a combination of transmembrane
leakage and muscle necrosis. The rise in C reactive protein
concentration may prove to be a more accurate index of necrosis.

We thank the runners for their willing participation in the project
and David Couper, of the University of Cape Town, for statistical
advice. Financial support was provided by the Medical Research
Council, the staff research fund of the University of Cape Town, and
the South African Association for Sport Science, Physical Education
and Recreation.
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Pathways to complement activation during
cardiopulmonary bypass

B COLLETT, A ALHAQ, N B ABDULLAH, L KORJTSAS, R J WARE, N J DODD, E ALIMO,
J PONTE, D VERGANI

Abstract

Complement activation was assessed in 34 patients under-
going cardiopulmonary bypass. Arterial concentrations
of complement fragments Ba and C3d rose in all patients,
the increase in Ba preceding that of C3d. At the same time
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as complement fragments were being generated the
arterial neutrophil count fell. These findings suggest (a)
that complement activation is initiated by the alternative
pathway during cardiopulmonary bypass and (b) that
complement activation mediates loss of neutrophils
during bypass.
Complement mediated loss of neutrophils during the

analogous setting of haemodialysis is the result of
leucosequestration in the pulmonary vasculature. During
cardiopulmonary bypass the lungs are out of circuit, so
that activated leucocytes may sequester in other target
organs. This may be an aetiological factor in the multi-
organ failure occasionally seen after uneventful cardio-
pulmonary bypass.

Introduction

The activation of complement during cardiopulmonary bypass
is a subject of controversy. A reduction of complement haemo-
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lytic activity has been shown repeatedly, although we do not
know whether these changes result from consumption through
activation,' denaturation, or interference with haemolytic
activity by polyanions such as heparin. I The relative importance
of the classical and alternative pathways is also undecided.!
Activation of complement is possibly a key factor in the patho-
genesis of the multiorgan failure occasionally seen after unevent-
ful cardiopulmonary bypass-the "postperfusion syndrome."'
Hence it is important to establish the extent and mechanisms of
its activation.
An increase in the circulating concentrations of split products

of complement components is unequivocal proof of activation
(see fig 1). The products C3d and Ba were therefore assayed
together with C3, C4, C reactive protein, and transferrin. C
reactive protein, which is increased in trauma, is a potent
activator of the classical pathway. Transferrin was measured
as a marker of generaliscd protein denaturation.

o129iAg -Ab /Agg Ig

Clqrs

C4

C 2 F

Ct3 --wC3d

LPS/polymers

Alternative
pathway

Common
pathway

CS- C9
FIG 1-Simplified representation of complement cascade; variables
measured in study shown in bold face. Typical initiating stimuli:
Ag-Ab, antigen-antibody complexes; LPS, lipopolysaccharide.
Putative initiating stimuli in cardiopulmonary bypass: Agg Ig,
aggregated immunoglobulin; polymers, artificial polymers within
bypass circuit.

Patients and methods

We studied 34 patients undergoing routine coronary artery graft
operations with cardiopulmonary bypass. Mean age was 52 (SD 8)
years (range 35-69) and mean body weight 78 (SD 12) kg (range 44-99).
Premedication and anaesthesia were standardised. Patients continued
to receive full medical treatment with r blocking agents, nitrates, and
often calcium antagonists up to the time of operation. Patients
receiving any other long term medication were excluded from the
study. No patient was given steroids. The pump oxygenator system
was non-pulsatile and primed with Hartmann's solution (2000 ml),
sodium bicarbonate (50 mmol; 50 mEq), and mannitol (20 g). In 10
patients a membrane oxygenator was used, and in the remainder
bubble oxygenators were employed.

After the administration of porcine mucosal heparin 3 mg/kg
bypass was instituted with a blood flow of 2 4 1 /min/m2 body surface
area. During bypass systemic hypothermia to 24 C was used. The
lungs were not ventilated. Patients were rewarmed to 37 C while the
proximal anastomoses were completed. Throughout the procedure
anticoagulation was monitored by determinations of activated clotting
time. This was kept in excess of 400 seconds with further heparin.
After cardiopulmonary bypass a standard dose of protamine was
given (2 mg/mg heparin). No patient received a transfusion of donor
blood before or during the bypass.

Collectioni of samples-Serum and edetic acid (10 mmol,l; 409 mg/
100 ml) plasma samples were separated from blood obtained from the
radial artery and stored at -70 C for batch analysis at the following
times: (1) before induction of anaesthesia; (2) after sternotomy; (3)
after the administration of heparin; (4) from the start of cardiopul-
monary bypass at 1 5, 10, 30, and 60 minutes; (5) at the end of bypass;
(6) after the administration of protamine; and (7) four hours and one,
five, and eight days after operation (the last two were of venous blood).

Inmmunli7ological techniqlues-Concentrations of C3, C4, transferrin,
and C reactive protein were measured by laser nephelometry using
specific antisera (Behring). C3d concentration was measured using a
sensitive technique, as described.9 Ba concentration was measured by
laser nephelometry using antifactor B antiserum (Boehringer Corpora-
tion) after removal of native factor B and fragment Bb by precipitation
with polyethylene glycol.'I Results were derived from standard curves
established with normal serum in which complement had been
exhaustively activated by inulin. Intra-assay and interassay coefficients
of variation of this technique were 5",, and 7", respectively (20
determinations).

Leucocvtes-Full blood and differential white cell counts were
performed in batches on a Technicon H6000 analyser. All valucs
measured in blood obtained after the institution of bypass were
corrected for haemodilution using the packed cell volume.

Statistical anialysis-Results are expresscd as mean and standard
error of the mean (SEM). Measurements at each time were compared
with control preanaesthetic values using the paired t test and analvsis
of variance. For clarity of presentation figures 2-4 show the results as
percentages of the preanaesthetic values.

Results

COMPLEMENT ACTIVATION

There were no significant differcnces from preanaesthetic C3d
values after sternotorny or heparinisation. Concentrations of C3d
increased significantly 10 minutes after beginning cardiopulmonary
bypass and reached a peak on completion of rewarming before the
termination of bypass. No further increase in C3d was observed after
administration of protamine; C3d concentration fell towards preopera-
tive values on the first postoperative day but rose again on the fifth and
eighth postoperative days (fig 2).

Concentrations of fragment Ba increased significantly after heparini-
sation, and a further increase (p 0001) occurred within 90 seconds of
beginning cardiopulmonary bypass. Peak valucs of Ba were observed
after 10 minutes of bypass, steadily decreasing to preanaesthetic
values four hours after the operation. A further significant increase in
Ba concentration (p 0 05) was seen on the first postoperative dav,
persisting until day 8.

Concentrations of factors C3 and C4 were not significantly affected

300 *

250-

~15o-

FIG 2-Values of C3d (closed columns) and Ba (open columns) at various
sampling times expressed as percenta-e of control preanacsthetic values (bars
are SEM). -:-p< 0-05. * p.- 0 )001
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by anaesthesia, sternotomy, or heparinisation. Ninety seconds after
beginning bypass both values fell significantly, the fall persisting into
the first postoperative day. This effect was more pronounced for C3.
Both C3 and C4 rose above preoperative values on the fifth and eighth
postoperative days (fig 3). Observed variations in transferrin concen-
trations did not reach significance (fig 3).

Time after beginning
I

bypass (minutes) e
q

FIG 3-Values of C3 (closed columns), C4 (open columns), and transferrin
(shaded columns) at various sampling times expressed as percentage of
control preanaesthetic values (bars are SEM). * p< 0-05. p< 0 001.

C REACTIVE PROTEIN

Concentrations of C reactive protein rose significantly only on the
first postoperative day in all patients. This persisted until day 8 in a

similar way to C3 and C4. Mean concentration (SEM) on day 1 was
129 (6-9) mg/I, on day 5 163 (16) mg/I, and on day 8 145 (32) mg/l
(normal <5 mg/i).

NEUTROPHILS

After sternotomy there was a rise in the arterial neutrophil count,
which continued until 90 seconds after beginning cardiopulmonary
bypass. Neutrophil counts then fell significantly, reaching a nadir
after 30 minutes; a further increase was apparent at 60 minutes,
peaking at the end of the operation and remaining raised throughout
the postoperative period (fig 4).

FIG 4-Neutrophil counts at various sampling times expressed as percentage
of control preanaesthetic values (bars are SEM). * p< 05. * * p< 0001.

Discussion

Other workers have questioned the extent or the occurrence of
complement activation during cardiopulmonary bypass.'-3 1112

In our view the inability to detect activation was due to insensi-
tivity of the methods used.3 12 In the analogous setting of haemo-
dialysis complement activation and the effects of different
perfusion apparatus have been described.'3-15

In our investigation fragments Ba and C3d (generated
during complement activation) were measured, as they provide
a more sensitive index of activation than assay of the parent
molecules, factors B and C3. We regard the finding of an in-
crease in C3d with a concomitant fall in C3 as proof of activation
of the common pathway, as suggested by assays of fragment
C3a.11
Our finding of a rise in fragment Ba concentration (highest

values within 90 seconds of blood contact with the pump
oxygenator) preceding that of C3d suggests that the initial
stimulus operates by the alternative pathway. The polymers
making up the extracorporeal circuit (which are known to
activate the alternative pathway in vitro6 "1) are probably the
triggering factor. It is important to note that Ba concentration
began to rise after heparinisation and before beginning cardio-
pulmonary bypass, so the role of heparin must be considered.
Some activation of the classical pathway may also have

occurred during cardiopulmonary bypass. We found a reduction
in concentrations of C4, a component exclusive to the classical
pathway. The continuing increase in C3d concentration during
bypass, at a time when the Ba value was falling, further suggests
activation of the classical pathway. Activation of the classical
pathway may be caused by aggregated immunoglobulin or a C
reactive protein and protamine complex'6 17; however, no rise in
C reactive protein concentration was detected until the first
postoperative day. This late rise represents a postoperative acute
phase reaction, confirmed by a similar rise in C3 and C4 values.
It remains for argument whether the decrease in C3 and C4
components was due to generalised protein denaturation occur-
ring in cardiopulmonary bypass3; this is unlikely, as transferrin
concentrations showed insignificant changes during bypass. We
do not consider that generation of the specific C3d and Ba
fragments could result from random denaturation.

Changes in arterial neutrophil counts in cardiopulmonary
bypass were complex. The initial rapid rise after sternotomy may
indicate release of neutrophils from the storage pool in response
to stress hormones.'8 Interestingly, the neutrophil count fell at
the same time as complement fragments C3d and Ba were being
generated. This fall was analogous to that occurring in haemo-
dialysis, where the profound neutropenia at 15 minutes has been
ascribed to complement mediated leucoaggregation.'3 Such
aggregation of leucocytes followed by accumulation in the
pulmonary vasculature has been shown by isotope labelling.'9 In
this setting the accumulation is reversible, with reflux of neutro-

phils from the lungs coinciding with a rebound neutrophilia
after one hour.
The fall in neutrophils was less evident in cardiopulmonary

bypass, perhaps because the lungs are excluded from the circu-
lation. Other organs such as the brain and kidneys may therefore
be exposed to potential insult. Transpulmonary neutropenia has
been reported after termination of bypass." This suggests that
complement activated neutrophils, circulating during bypass,
may be trapped during passage through the reperfused pul-
monary vasculature. The tendency of this process to produce
systemic neutropenia may be overshadowed by release into the
circulation of neutrophils from the storage pool.

In conclusion, this study confirms that complement activation
occurs in response to cardiopulmonary bypass and provides fresh
evidence of a role of the alternative pathway. The classical
pathway may also be activated. More important, it shows that
this process is associated with significant changes in the circu-
lating neutrophil count. It is therefore possible that these events
are linked in the pathogenesis of the postperfusion syndrome.
Further investigations are needed to assess neutrophil accumu-
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lation in target organs and to establish the role of aggregated
immunoglobulins and heparin in complement activation.

We thank our surgical colleagues Mr J R W Keates and Mr A
Forsyth for permission to study patients in their care and all the
technical staff of the cardiothoracic unit under the direction of Mr A
Pastellopoulos. We are grateful to Miss D J Wright for the statistical
computations. This study was funded by the British Heart Foundation
and by the King's College Hospital joint research committee for locally
organised research.
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Latent anaphylactic sensitisation of infants of low birth
weight to cows' milk proteins
A LUCAS, P McLAUGHLAN, R R A COOMBS

Abstract

Latent systemic anaphylactic sensitisation to cows' milk
was assessed in 61 preterm infants who were randomly
assigned to receive either a special formula for preterm
infants based on cows' milk or banked breast milk or
one or other of these as a supplement to maternal milk.
A single sample of venous blood was taken near to the
time of discharge from the neonatal intensive care unit,
and the histamine release by blood basophils in response
to in vitro challenge with cows' milk and anti-IgE was
measured. Compared with the blood from infants fed on
human milk, that from infants fed on preterm formula
showed a significant increase in histamine release to
challenge with cows' milk, the response being greater in
blood from infants of lower birth weight and gestational
age. A smaller but significant increase in blood histamine
release with anti-IgE challenge was observed in the
group fed on preterm formula.
Infants of low birth weight fed on preterm formula

based on cows' milk may develop latent systemic
sensitisation more rapidly than infants born at term.
The clinical importance of this requires further in-
vestigation.
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Introduction

Allergy to cows' milk protein has been studied extensively in
term infants; little corresponding information, however, exists
concerning infants born preterm, in whom the clinical and
physiological conditions under which sensitisation to cows' milk
could occur are special. In early postnatal life premature
neonates may have increased gut permeability to dietary
antigens compared with that seen in term infants.' Moreover,
special formulas for preterm infants based on cows' milk,
which are being used increasingly in clinical practice, have
protein concentrations that are substantially higher than those
incorporated into conventional adapted formulas. Finally,
infants born near the end of the second trimester may differ
from those born at term in the state of development of their
immune system. We therefore investigated whether premature
infants have an increased (or decreased) risk of becoming
sensitised to cows' milk antigens.
We measured histamine release by blood basophils in whole

blood after in vitro challenge with cows' milk and anti-IgE2 to
assess the development of latent anaphylactic sensitisation in
premature infants allocated, randomly, to dietary regimens
containing either a formula for preterm infants based on cows'
milk or human milk alone.

Patients and methods

Sixty one infants of low birth weight were assessed at the time of
their discharge from the neonatal intensive care unit at this hospital. As
part of a larger study they had been allocated randomly to particular
diets shortly after birth, as follows: infants whose mothers did not
wish to provide their milk were allocated to receive either a formula
milk for preterm infants (11 infants) or pasteurised banked donor
breast milk (10 infants); infants whose mothers elected to provide
their own milk were randomly allocated to receive, as a supplement
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