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Postoperative edema and effusion (POEE) following cardiopulmonary bhypass (CPB) surgery in children
retards recovery and may aggravate postpericardiotomy (PPS), capillary leak syndrome (CLS), or multiorgan
failure (MOF). Compared with complication-free children, POEE affected children have different preoperative
serum levels of circulating cytokines and adhesion molecules. These levels may he used preoperatively to
assess POEE, but their determination is time consuming, costly, and a substantial blood volume is required.
Altered serum levels of cytokines and adhesion molecules also may be reflected in altered antigen
expression on circulating blood leukocytes. The predictive potential of flow cytometric (FCM) leukocyte
immunophenotyping was explored as a sensitive and fast method that required small blood samples. Blood
samples taken 24 h preoperatively from 49 patients (3—-18 years old) were stained with monoclonal
antibodies for adhesion molecules (ICAM-1, LFA-1, Mac-1) or constitutive/activation markers (CD4, CD14,
CD16, CD25, CD54, CD69, HLA-DR) and measured on a microbead calibrated FCM. Neutrophils, monocytes,
and eosinophils from POEE patients express higher preoperative levels of LFA-1, monocytes, HLA-DR, and
other activation markers (all P < 0.03). Over 89% of the patients were classified correctly by using two
discriminant analysis methods (sensitivity, >76%; specificity, >86%; positive prediction, >80%; negative
prediction, >83%). Granulocytes and monocytes of postoperative POEE patients exhibit significant preop-
erative immune activation, suggesting an increased risk for patients with atepic/allergic predisposition.
Surgical trauma and CPB cause additional immune activation, leading to POEE by a summative response.
Most patients at risk for POEE can be identified preoperatively by using data pattern analysis on FCM-derived
parameters. Cytometry (Comm. Clin. Cytometry) 46:247-253, 2001. © 2001 Wiley-Liss, Inc.
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The extensive contact between blood and foreign sur-
faces of the extracorporal circuit during cardiopulmonary
bypass (CPB) surgery, combined with medication, may
lead to the stimulation of the immune system (1,2). This
stimulation may cause postoperative complications such
as postoperative edema and effusion (POEE), postpericar-
diotomy syndrome (PPS), capillary leak syndrome (CLS),
or multiple organ failure (MOF; 2-5). Preoperative identi-
fication of at-risk patients can provide the rationale for
individual prophylactic treatment prior or during surgery.

Several scoring systems, including clinical and labora-
tory parameters acquired during or after surgery, are used
to predict the outcome of cardiosurgical interventions
(6-8). In adults, they are based on serum parameters
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changes of C-reactive protein (CRP; 9), interleukin (IL)-6
(10), E-selectin (11), or lactate (12).

It is desirable to predict postoperative complications,
induced by an activated immune system (1,9,13), from a
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predisposition by the cardiac disease (14,15) or from
other causes (e.g., atopy/allergy; 16,17) already present
preoperatively (7). Predisposed patients may respond
more dramatically to CPB and surgical trauma. Similarly,
patients at risk for postoperative blood loss already have
altered blood coagulation prior to CPB (18). Using two
data classification programs (20), POEE-susceptible chil-
dren were identified by altered 24-h preoperative serum
levels of seven circulating cytokines and adhesion mole-
cules (19). The significant time involved, the high blood
volume required, and the expensive cost prohibit routine
clinical application.

The determination of leukocyte activation markers by
flow cytometry (FCM) as a rapid and economical method
that requires a small blood sample seems to be a promis-
ing alternative. The prognostic value of cellular parame-
ters was shown for restenosis (21) and neonatal sepsis
(22). Preoperative humoral changes in blood serum (19),
in conjunction with altered leukocyte adhesion or activa-
tion molecule expression, may cause reperfusion injury
and CLS (21,23,24). The purpose of the present study was
to examine 24-h preoperative granulocyte and monocyte
marker differences, associated with POEE development,
to facilitate preoperative identification of patients at risk
for POEE.

MATERIALS AND METHODS
Patients, CPB, and Patient Classification

The study was conducted between November 1995 and
January 1999. Forty-nine children underwent elective car-
diac surgery with CPB for the repair of congenital heart
disease. The study was approved by the ethical committee
of the medical faculty of the University of Leipzig. All
consecutive pediatric patients who underwent cardiac
surgery during the time period of the study and fulfilled
the inclusion criteria (ages 3-18 years, body weight >12
kg, parental consent, surgery with CPB) were included in
the study. Only 25% of the children who fulfilled the
inclusion criteria age, weight, CPB surgery were included
in the study because parental consent was not obtained.
The surgical procedures were closure of atrial (n = 22) or
ventricular septal defect (n = 7), pulmonary homograft
(n = 8), Glenn or Fontan operation (n = 6), membrane
resection (n = 3), correction of pulmonary stenosis (n =
2), and tetralogy of Fallot (n = 1). All children received
similar anesthesia, medication, and intraoperative and
postoperative care (2). For all operations, general anesthe-
sia was performed with intubation and intravenous admin-
istration of dormicum, fentanyl, propofol, etomidate, and
pancuronium over the central vein for maintenance. An-
esthesia was applied by the same anesthesiologist. Al-
though anesthesia conditions were similar for all patients,
identity was not achievable due to differences in the
length of the various operations. After delivery to the
pediatric cardiac intensive care unit (ICU), the incidence
of the following symptoms during the first 24 h up to Day
3 after surgery were monitored: pericardial, pleural, and
peritoneal effusion were measured by ultrasonography;
liver swelling of more than 1 cm above preoperative

values, determined by subcostal palpation along the me-
dioclavicular line, was monitored by one of us (J.H.); and
edema of the face, hands, and feet, was monitored by one
of us (J.H.) based on clinical appearance.

According to these symptoms the patients fell either
into a control group (n = 28; no measurable edema/
effusion [n= 19], edema of the face, hands, or feet [n= 5],
liver swelling <1 cm [n = 4]) or into the POEE group (n =
21; pericardial, pleural, and/or peritoneal effusion alone
or in conjunction with edema and/or liver swelling >1 cm
[n = 17], liver swelling >1 cm with edema of the face
and/or hands and feet [n = 4]). None of the patients
suffered from severe complications such as CLS or MOF,
nor did any develop PPS.

FCM

Blood was collected 24 h before surgery in syringes
containing EDTA. Leukocyte and differential blood cell
counts were determined. Leukocytes were immunophe-
notyped by the whole blood technique (25). Blood (40
was mixed with the appropriate volume of directly fluo-
rescence dye-conjugated monoclonal antibodies at preti-
tered optimal concentration and stained for 15 min at
room temperature (RT) in the dark. The assays were
centrifuged at 300Xg following addition of 1 ml lysing
solution (BD Biosciences, San Jose, CA), mixing, and fur-
ther incubation for 10 min at RT in the dark. The super-
natant was discarded, the cell pellet was washed twice by
centrifugation in 1 ml phosphate-buffered saline (PBS;
Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany),
and resuspended in 500 wl PBS containing 0.1% (w/v)
paraformaldehyde (Sigma). The antibody panel included a
combination of constitutive and activation-dependent leu-
kocyte membrane antigens. Considering granulocytes and
monocytes as potentially major cellular contributors to
the induction of clinical complications, activation antigens
(CD14, CD16, CD25, CD45, CD69, HLA-DR) and adhesion
molecules on these cells were selected (CD11a, CD11b,
CD18, CD54). Antibodies were obtained from BD Bio-
sciences, Beckmann-Coulter (Hialeah, FL), Caltag (Hamburg,
Germany), or DAKO (Glostrup, Denmark) and used in the
following combinations: (1) CD45/CD14/HLA-DR/CD3,
(2) CD25/CD54/CD3/CD19; (3) CD11a/CD18/CD16+CD56;
(4 CD11b/CD18/CD3; (5) CD3/CD69/CD19/CD45; (6)
CD3/CD4/CD45RA/CD45RO0; and (7) appropriate isotype
control antibodies. Antibodies were labeled with the flu-
orescent dyes fluorescein isothiocyanate (FITC), phyco-
erythrin (PE), peridinin chlorophyll protein (PerCP™),
and allophycocyanin (APC). Cells were measured imme-
diately after staining on a dual-laser FCM (FACSCalibur, BD
Biosciences), calibrated with quantitative calibration beads
(Spherotech, Libertyville, IL) if necessary.

Data Analysis, Statistics

FCM data were analyzed with the CellQuest software
package (BD Biosciences). The monocyte, neutrophil, and
eosinophil cell populations were characterized by for-
ward and sideward angle light scatter and autofluores-
cence (eosinophils; 25). The percentages of the leukocyte
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Table 1
Patient and Surgical Data (M = SD)

Control Complication (POEE) P value*
Age (years) 8.29 = 2.98 9.59 + 3.43 ns
Weight (kg) 26.3 = 10.7 32.7 +13.8 ns
Gender F/M (n) 14/14 9/12 ns**
Aortic cross-clamping (min) 36.1 = 31.3 38.5 274 ns
CPB (min) +41.7 90.3 = 48.3 ns
Surgery + anesthesia (min) 177.4 = 62.2 241.8 = 118.2 0.017
Reperfusion (min) +14.3 21.2 =235 ns
Hypothermia (minimal temperature °C) +29 29.0£49 ns
Stay on ICU (days) +1.10 3.42 = 2.78 0.011
Discharge (days after surgery) +1.38 8.33 £ 4.42 0.030

*Two-tailed Student’s t-test.
**Chi-square test: ns, not significant.

populations as well as their respective fluorescence inten-
sities as measures for antigen expression were determined
(26). Absolute cell counts were calculated (26) from the
percentages and the absolute leukocyte counts deter-
mined by routine laboratory analysis. The number of
bound antibodies per cell was determined as the differ-
ence between the mean fluorescence intensities of the
specific assays and the mean intensity of control antibody-
stained assays and calculated using calibration beads as
the counting standard. This resulted in 122 data columns
of original (n = 67) and calculated data. In addition to the
data obtained by FCM, surgical and patient data (age at
surgery, body weight, duration of surgery, CPB and aortic
cross clamping, hypothermia, duration of hypothermia,
excreted volume of urine, priming volume of the CPB)
also were used for the following calculations. Between-
group comparison was done by unpaired Student’s #-test
or Mann Whitney U-test as appropriate (Statistical Pro-
gram for Social Sciences [SPSS], Knowledge Dynamics,
Canyon Lake, TX).

For the retrospective-prospective classification, the data
were distributed into a learning set and an unknown
embedded test set that was obtained a priori by removing
every 5th patient of each category from the learning set.
Classification was performed either manually by multivar-
iate discriminant analysis (27; SPSS, Version 8.0) or auto-
matically by the triple-matrix data pattern analyzer CLAS-
SIF1 (20). For the SPSS classification, the parameter with
the highest between-group discrimination (average recog-
nition index [ARI]) was selected initially. The classifier
was optimized subsequently by adding more parameters
until the ARI was maximal. The unstandardized canonical
discriminant function was then determined (27). CLAS-
SIF1 classification (20) was optimized between the 10%
and 30% percentiles. The robustness of both classifiers
was tested on the embedded test set of 11 clinically
categorized patients unknown to the classifiers. Risk as-
sessments for unknown patients at other institutions can
be calculated for test purposes with the indicated formula
(SPSS, see Table 4). Each patient parameter value is mul-
tiplied by a correction factor. The factor is obtained as the
ratio between the respective parameter mean from the
local reference group of 20 - 40 complication-free patients

selected according to the same inclusion criteria and as
the patients used for the determination of the respective
reference means (see Table 2).

RESULTS
Patient Data

Surgical data are shown in Table 1. POEE patients re-
quired a significantly longer surgery, anesthesia time, and
ICU stays. Other parameters, including duration of hypo-
thermia and hemofiltration, priming, and infusion volume
(not shown), were not significantly different. In agree-
ment with earlier findings (2) and results from others (4),
patients who developed complications had an extended
stay in the ICU and in the hospital. All patients were
discharged in good condition between 3 and 14 days after

surgery.
Immunological Data

Antigen expression on leukocytes from patients with
and without POEE was different. Examples of altered
antigen expression are shown for two patients who un-
derwent surgery in the same week (Fig. 1). POEE patients
exhibited increased CD18, CD11a, and CD11b expression
on neutrophils, eosinophils, and monocytes, respectively.
CD45RA expression on eosinophils was decreased. The
significantly different values of the 122 parameters are
summarized in Table 2. POEE children showed preopera-
tively increased activation and adhesiveness of mono-
cytes, neutrophils, and eosinophils as evidenced by the
elevated antigen expression. Differential blood counts did
not differ between the groups except for increased per-
centage and cell count of eosinophils. None of the pa-
tients had increased (>2 mg/ml) serum concentration of
CRP and white blood cell count (not shown).

Data Classification

The use of a single parameter for individual risk assess-
ment is insufficient because most of the values (—~80%) of
at-risk patients were similar to those of the controls (Fig.
2). Risk assessment based on the classification of the most
discriminant measured or calculated parameters by the
SPSS or CLASSIF1 programs classified correctly most pa-
tients (Table 3). The ARI was 89% (sensitivity, 87%; spec-
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Fia. 1. Preoperative antigen expression on neutrophils (A), eosinophils
(B,C), and monocytes (D) of two children, one with (closed histograms)
and the other without POEE (open histograms). The patients underwent
cardiovascular surgery for congenital heart disease in the same week.
Data display antigen expression (fluorescence intensity, x-axis) versus
cell count (y-axis) measured by flow cytometry. The top scale shows the
corresponding numbers of equivalent FITC (A,C) and PE (B,D) molecules
determined with standardized microbeads.
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ificity, 91%; positive prediction, 91%; negative prediction,
87%) using only six of all analyzed parameters (Table 4) by
SPSS. No parameters from neutrophils were selected.
CLASSIF1 classified correctly 90% of the patients (sensitiv-
ity, 76%; specificity, 92%; positive prediction, 86%; nega-
tive prediction, 83%) and selected 10 parameters for
masks and classification (Table 4). Monocyte expression
of CD25, CD11b and APC autofluorescence, and neutro-
phil CDG69 and eosinophil CD18 and PE autofluorescence,
but not monocyte HLA-DR and eosinophil CD11a/CD18
ratio, were selected, in addition to the selected SPSS pa-
rameters.

Data of 11 test set patients, which were unknown to
both classifiers, resulted in a correct recognition of 90% of
the patients (SPSS/CLASSIF1: sensitivity, 100%/80%; spec-
ificity, 86%/86%; positive prediction, 80%/80%; negative
prediction, 100%/85%). These results show that both clas-
sifiers are robust for the classification of unknown sam-
ples. Misclassification was not assigned to a certain car-
diovascular defect or to a certain type of surgery. The
coefficients of the unstandardized canonical discriminant
function for the SPSS classifier and the CLASSIF1 triple-
matrix pattern are provided in Table 4. Using both classi-
fiers (Table 4), classification of the most frequent group of
patients from our study (surgery for atrial septal defect
closure) resulted in an ARI of 87% for the learning data set
(n = 18; sensitivity, 93%; specificity, 100%; positive pre-
diction, 80%; negative prediction, 100%) and in an ARI of

Table 2
24-H Preoperative Surface Antigen Expression on Leukocytes in Patients
With and Without POEE?

Complications

Parameters Control (n = 28) (POEE; n = 21) P value
Monocytes
CD18 119.7 =+ 127.7 226.2 = 170.0 0.0180*
CD1l1la 403.7 = 159.4 718.9 = 421.0 0.0010*
CD11a/CD18 ratio 5.04 + 1.83 391 +£1.42 0.0230*
CD45 114.8 = 88.3 198.1 = 1565.7 0.0254*
HLA-DR 187.0 = 222. 574.8 = 611.5 0.0032*
FITC control 2.60 = 1.88 3.39 £ 2.03 0.0185**
PerCP control 2.84 = 1.62 3.64 = 1.77 0.0070**
Neutrophils
CD18 78.1 £ 63.7 152.6 = 115.1 0.0060*
CD1l1la 142.2 = 133.1 228.7 = 140.5 0.0350*
CD11a/CD18 ratio 2.56 = 1.7 1.54 = 1.54 0.0042*
CD45 53.5 = 30. 84.0 = 48.3 0.0139*
CD69 463 +2.4 8.75 = 4.45 0.0090**
Eosinophils
Percent of leukocytes 2.33+1.78 3.87 £ 3.12 0.0205**
cells/pl 167.4 = 147.9 282.2 = 232.1 0.0480*
CD18 109.6 = 97.0 182.0 £ 118.3 0.0240*
CD1l1la 236.5 = 105.3 356.1 = 207.7 0.0130**
CD11a/CD18 ratio 3.22 +1.43 2.32 = 1.06 0.0237*
CD45 144.6 = 93.5 224.2 = 130.2 0.0203*
PE control 26.9 = 18.8 38.2+17.9 0.0146**
PerCP control 30.6 = 19.9 65.3 + 81. 0.0110%**

If not noted otherwise, parameters are mean fluorescence intensities. Only significantly

different values are shown (M = SD).
*Two-tailed Student’s f-test.
**Mann-Whitney U-test.
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Fic. 2. Antigen expression on leukocytes (fluorescence intensity) and
percentage of eosinophils of individual patients without (control) or with
POEE. Dashed lines indicate mean + 2 X SD of control. Individuals with
values above this line were regarded as at-risk patients.

100% for the test data set (n = 4; sensitivity/specificity/
positive prediction/negative prediction, 100%).

Because patient and surgical data for children at risk for
developing POEE differed from those of control patients
(Table 1), we tested if classification based solely on these
data would be comparable to those based on FCM data.
However, using SPSS and CLASSIF1, classification based
on patient and surgical data alone resulted in a poor
discrimination (n = 49; ARI, 76%; sensitivity, 97%; speci-
ficity, 55%; positive prediction, 62%; negative prediction,
62%). Classification of patient and surgical data in conjunc-
tion with FCM data did not improve the FCM data-based
classifier (Tables 3, 4) and none of the patients and surgi-
cal data were selected.

DISCUSSION

Children who develop POEE after CPB surgery show
significantly elevated cell surface expression of activation
markers on monocytes, granulocytes, and eosinophils
24 h prior to surgery. This indicates a preexisting activa-
tion of the immune system and permits the preoperative
risk assessment by FCM (Table 3). The main discrimina-
tors for predicting POEE were elevated activation marker
and adhesion molecule expression on monocytes and eo-
sinophils. Although POEE patients were older and were
subjected to longer surgery with extended aortic cross-
clamping and CPB time, surgical data were not as effective
as activation marker and adhesion molecule expression
data obtained by FCM in discriminating between controls
and patients at risk for developing POEE. These findings
suggest that some patients are predisposed to POEE de-
velopment.

Activated monocytes liberate early the cytokines TNF-a
and interleukin (IL)-1 and, together with other factors

(13), prime and sensitize neutrophils to the effects of
other agonists. Preoperative immune activation may be
due to congenital heart disease (14,15) or to subclinical
inflammation (9), or it may result from an atopic/allergic
predisposition (16,17). The combination of immune acti-
vation and CPB surgery as a second stimulus can cause
POEE as a summation effect. It is well known that CPB is
associated with major qualitative and quantitative leuko-
cyte alterations (23,24,28) as well as with changes of
inflaimmation mediators. A systemic inflimmatory re-
sponse (2,4,5) is generated by interactions among vascular
endothelium, platelets, and leukocytes. It is accompanied
by signal exchanges, expression of adhesion molecules,
and chemokine secretion. CPB causes an increased ex-
pression of ICAM-1 (ligand for CD18) on endothelial cells
in canine pulmonary capillaries and is associated with an
increased accumulation of neutrophils (29).

The most prominent discriminator for POEE prediction
was elevated CD11a (LFA-1) expression on monocytes
and eosinophils (Table 4). LFA-1 is expressed constitu-
tively on leukocytes. Its expression on eosinophils in-
creases only at an approximately 10X higher chemokine
concentration than CD11b (Mac-1) (30) concentrations.
CD11a is expressed highly on mononuclear cells and eo-
sinophils of atopic patients (16,17), suggesting a POEE
risk for individuals with an allergic/atopic predisposition.
This interpretation is sustained by our earlier observation
that atrisk patients have elevated levels of serum hista-
mine (19) and IgE (31) and by the finding that a CPB
surgery-induced immune response is similar to an allergic
reaction (31). A severe allergic reaction may be associated
with CPB and cardiac surgery (32) and an allergic predis-
position is a risk factor for adverse events after CPB in
adults (1). LFA-1 plays a pivotal role in leukocyte adhesion
and endothelial transmigration as demonstrated in LFA-1

Table 3
Prediction of Postoperative Outcome of Patients With and
Without POEE Based on 24-h Preoperative Data
by SPSS and CLASSIF1 Classification

Predicted Predicted
control complication
Clinical outcome n (%) (POEE; %)
Learning data set
SPSS
Control 22 90.9 9.1
Complication (POEE) 152 13.3 86.7
CLASSIF1®
Control 22 100.0 9.1
Complication (POEE) 16 25.0 81.3
Test data set
SPSS
Control 6 100.0 0.0
Complication (POEE) 5 20.0 80.0
CLASSIF1®
Control 6 100.0 16.6
Complication (POEE) 5 20.0 80.0

@0ne patient missing due to incomplete data set.
bSum of patients classified exceeds that of all analyzed pa-
tients due to double classification of some individuals.
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Table 4
Prediction Parameters and Coefficients of the SPSS and CLASSIF1 Classifier*

SPSS classifier CLASSIF 1 classifier

Parameters Coefficients (c) Parameters Change versus control
Monocytes CD11b —
CcDh4 —0.4882 Ch4 —
HLA-DR 0.3711
CD25 —
APC control —
Neutrophils CD69 +
Eosinophils CD18 —
CD1l1la 0.0105 CD1l1la —
CD11a/CD18 ratio —0.0550
CD45RA -0.1113 CD45RA +
PerCP control —0.0085 PerCP control +
PE control -
(Constant —2.2250)

*Calculated based on the learning data set of 22 patients. Parameters are mean
fluorescence intensities. Formula of the unstandardized canonical discriminance
function (SPSS classifier):

i=6
Constant + 2 (P *¢)

i=1

p; = measured parameter values, c; = classifier coefficients. If resulting value < 0 no

risk, if >0 POEE risk.

and Mac-1 transgenic mice (33) and in experimental aller-
gic conjunctivitis in mice (34). In vitro blocking of LFA-1
and Mac-1 inhibits neutrophil rolling and adhesion to, as
well as monocyte migration through, the endothelium
(35,36). Thus, we speculate that leukocytes of patients
with elevated preoperative LFA-1 expression attach and
transmigrate more easily to the extravasal space while
liberating mediators, thus facilitating POEE and possibly
CLS (2) as a consequence of additional stimuli.

The potential atopic/allergic generation of POEE sus-
ceptibility is an interesting complement to earlier obser-
vations, which were suggestive of antecedent infection
because of increased CRP (9,29), soluble E-selectin (11),
and neutrophil adhesion molecule expression (21), as
well as histamine, neopterin, and reduced Cl-esterase
inhibitor serum levels (19). It is likely that the activated
immune system, as a POEE- favoring condition, can be
induced by different mechanisms.

Correct classification of most patients was achieved by
SPSS and CLASSIF1 by the use of the 6 or 11 most discrim-
inatory parameters of the 122 available parameters. CLAS-
SIF1 provides automated classifications as an advantage
for the generation of standardized predictive classifiers. In
addition, its direct processing of the original multipara-
metric FCM data files constitutes an interesting feature for
future studies. Exhaustive information extraction and clas-
sification are assured even in cases of incomplete data sets
(19). CLASSIF1 triple-matrix classifiers are directly compa-
rable during interlaboratory consensus elaboration (20).
This avoids the establishment of new learning sets at each
hospital and facilitates the interinstitutional use of stan-
dardized data pattern classifiers.

Considering the fact that predictions in this context
were not possible at all until now, predictive values >80%

are promising, especially because FCM can offer much
more information. Further information on lymphocytes,
antigen expression, antigen ratios, and the spread of the
various cell clusters can be explored in future studies
using FCM.

Preoperative POEE risk assessment can prevent postop-
erative complications by starting individualized preopera-
tive therapy (5,34,37). The goal of therapy is the normal-
ization of the activated immune system (1,14-17,32).
Predictive classification may also reduce PPS, CLS, MOF,
and restenosis in cardiac surgery patients.
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