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Abstract

Background — Aortic surgery is a risk fac-
tor for acute lung injury and this may
relate to ischaemialreperfusion (I/R) of the
lower body and release of inflammatory
mediators. The aim of this study was to
define the changes in microvascular pro-
tein permeability and circulating in-
flammatory mediators after aortic
surgery.

Methods — In 11 consecutive patients who
underwent elective aortic surgery micro-
vascular permeability in lung and leg was
measured before and a median of 2.8 hours
after completion of surgery using 'indium
(In)-labelled transferrin and *™tech-
netium (Tc)-labelled red blood cells, yield-
ing a protein leak index (PLI) that is
specific for protein permeability. Circu-
lating leucocyte counts and levels of in-
flammatory mediators were determined.
Results — In the lung the PLI rose from a
median of 0.6 (range —0.5 to 2.2) x107%/
min before surgery to 5.4 (—2.3 to
33.5) x 10 */min after surgery, and in the
leg from 0.3 (—1.6 to 1.7) x 10 3/min to 5.0
(1.0 to 27.8) x10 */min. The increase in
PLI in the lung was related to that in the
leg. Levels of activated complement C3a
and tumour necrosis factor-a did not
change, but levels of interleukin (IL)-6,
IL-8 and elastase-a,-antitrypsin increased.
After surgery there was slight neutrophilia
and the leucocyte counts were inversely
related to the IL-8 level. The rise in lung
but not in leg PLI was greatest in patients
with the highest IL-8 levels and the lowest
leucocyte counts.

Conclusions — Early after aortic surgery
microvascular protein permeability in-
creases in the leg and lung. Leg I/R injury
may result in neutrophil activation and
release of IL-8, which may induce neutro-
phil sequestration and subsequently in-
creased pulmonary microvascular
permeability. These findings may help to
explain the occurrence of acute lung injury
after I/R in man.

(Thorax 1997;52:866—-871)

Keywords: aortic surgery, acute lung injury, adult res-
piratory distress syndrome, increased permeability.

Aortic surgery with temporary clamping of the
aorta in patients with vascular disease may

result in ischaemia/reperfusion (I/R) of the
lower body, microvascular injury, and increased
permeability oedema.'” Aortic surgery may
also impair gas exchange through micro-
vascular changes in the lungs with arterial
hypertension and increased permeability. In
some patients these changes may contribute to
the development of acute lung injury and adult
respiratory distress syndrome (ARDS), and
may necessitate prolonged mechanical vent-
ilation after surgery.>” In a previous study pul-
monary microvascular permeability appeared
to increase at about three hours after aortic
surgery and to return to normal about 24 hours
later.® A non-invasive dual radionuclide tech-
nique was used involving intravenously injected
“gallium (Ga)- and *™technetium (Tc)-
labelled red blood cells.®” This technique yields
the transvascular transport rate of ®’Ga, the
so called pulmonary leak index (PLI), but is
relatively unspecific since *Ga does not bind
firmly to circulating transferrin.®® In contrast,
the PLI assessed with transferrin-bound indium
(In) isotopes is considered specific for protein
permeability.*®!°

Animal studies have shown that I/R of the
lower body, involving gut," skeletal muscle in
hind limbs,'*?* or both, increases pulmonary
permeability following neutrophil mediated
microvascular changes, independently of the
rise in pulmonary artery pressure. Indeed, I/R
of gut or skeletal muscle may activate neutro-
phils and elicit (transient) local permeability
oedema.'™™ Subsequent sequestration of ac-
tivated neutrophils in the lungs is believed to
cause the pulmonary microvascular changes.
The role of inflammatory mediators in local
and remote microvascular changes varies from
study to study and the contribution of some
of them, such as interleukin (IL)-8, a potent
neutrophil activator released by hypoxic/re-
oxygenated cells in vitro and possibly involved
in the pathogenesis of ARDS in man, is
unclear.®'*? The clinical counterpart of these
experimental observations, including increased
permeability in the I/R affected tissue, remains
largely unknown.'2¢

A study was undertaken to determine (1)
whether aortic surgery and I/R in man increase
leg and lung microvascular protein per-
meability, (2) how this contributes, together
with pressure factors, to the development of
lung radiographic and gas exchange changes
after surgery, and (3) whether local and remote
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microvascular changes relate to circulating in-
flammatory mediators. The latter included
neutrophil agonists such as activated com-
plement factor C3a, tumour necrosis factor
(TNF)-a, IL-6 and IL-8, leucocyte counts, and
the neutrophil degranulation product elastase-
o,-antitrypsin.*¢

Methods

PATIENTS

Eleven consecutive patients were recruited to
the study, with three having an abdominal aor-
tic aneurysm, one a thoracic aneurysm, and
seven occlusive aortoiliac disease. Their median
age was 64 (range 22-73) years and three
were women. The study was approved by the
hospital ethics committee and all patients gave
informed consent.

THERAPEUTIC PROTOCOL

Patients underwent general anaesthesia, in-
tubation, and mechanical ventilation with an
oxygen/air mixture. In all patients a catheter
was inserted into the radial or femoral artery
for monitoring arterial blood pressure and for
blood sampling. A balloon-tipped pulmonary
artery catheter (Pentacath SP55078HS, Spec-
tramed, Bilthoven, The Netherlands) was in-
serted in nine patients for measurement of the
pulmonary capillary wedge pressure (PCWP)
and mean pulmonary artery pressure (MPAP),
allowing assessment of the potential con-
tribution of pulmonary microvascular hydro-
static pressure to the lung PLI and radiographic
changes.®” The other two patients received a
catheter in the jugular or subclavian vein to
monitor central venous pressure (CVP). All
patients received therapeutic doses of heparin
during the operation, antagonised by protamine
after completion of surgery. The aortic clamp-
ing time was a median of 60 (range 30-110)
minutes. The interval between aortic de-
clamping and completion of surgery was about
30 minutes. Blood losses were replaced by
packed cells, albumin, and saline solutions.
After surgery all patients were admitted to the
surgical intensive care unit.

STUDY PROTOCOL

Microvascular protein permeability in the leg
and lung was measured on the day before and
a median of 2.8 (range 1.4-4.6) hours after
completion of aortic surgery (day 0) in the
intensive care unit using a previously described
dual radionuclide method.*¢”?!° In brief, auto-
logous red blood cells were labelled with *™Tc
(300 uCi/11 MBq, physical half life six hours).
Ten minutes after injection of the red blood
cells, transferrin was labelled in vivo following
an intravenous injection of 'In chloride (100
nCi/4 MBq, physical half life 2.8 days, Amer-
sham, UK). During the first hour after the
injection blood samples were drawn at 3-5
minute intervals (n=10 in total). Starting at
the time of the intravenous injection of ''In,
radioactivity was recorded in three minute
frames for one hour using two mobile probes.

867

One probe was placed over the upper zone of
the left lung and the other over the right leg,
8 cm proximal to the upper edge of the patella.
The radioactivity windows were centred (20%)
around the photoelectric peaks of the radio-
nuclides: 140 keV for **™Tc and 171 and 245
keV for "'In. *™Tc and "'In counts were cor-
rected for background radioactivity, physical
halflife, spillover of ""'In into the *™Tc window,
obtained by in vitro measurements, and ex-
pressed as counts per three minute frame. Each
blood sample was weighed and radioactivity
was measured by a well counter and expressed
as counts/min/g. Two windows were used: one
window centred around the 140 keV peak of
mTc and one window including the 171 and
245 keV peaks of 'In. For each blood sample
a time-matched count rate over the lung and
the leg was taken. For leg or lung (organ) a
ratio was calculated, according to (*'Ing./
99mTCorgan)/(lHInblood/gngCbluod)s and pIOtted
against time. The PLI was calculated using
linear regression analysis from the slope of the
increase in the radioactivity ratio divided by
the intercept. The PLI reflects the transvascular
transport rate of '''In-labelled transferrin.*7°1°
On the day before surgery venous blood
samples were obtained at the end of the radio-
nuclide study for measurement of leucocyte
counts and neutrophil fractions (Coulter JS,
Coulter Electronics, Luton, UK), and for levels
of inflammatory mediators, including activated
complement C3a, TNF-o, IL-6, IL-8, and elas-
tase-o,-antitrypsin. The latter blood samples
were centrifuged for 10 minutes at 1300 rpm
and plasma samples were stored at —70°C
until assayed. At day 0 arterial blood was again
sampled for measurement of the above vari-
ables and also, in heparinised syringes, for
measurement of oxygen tension (Corning 178/
288, Corning Medical and Scientific, Medfield,
Massachusetts, USA). On day 0 all patients
were mechanically ventilated with positive end
expiratory pressure (PEEP) and a chest radio-
graph was taken. The inspiratory oxygen frac-
tion (Fio,) and PEEP were taken from
ventilator settings. The CVP, PCWP, and
MPAP were measured (Viggo-Spectramed,
Spectramed, Bilthoven, The Netherlands;
monitor Tramscope, Marquette Electronics,
Milwaukee, Wisconsin, USA) at end of ex-
piration with the patients in the supine position,
after calibration and zeroing to atmospheric
pressure, at the mid chest level. At 07.00 hours
on the first postoperative day (day 1) arterial
blood was taken for measurement of Po, and
a chest radiograph was taken; this was also
done on day 2 in case the patient was still
mechanically ventilated. In the patients who
were not on mechanical ventilation who were
receiving supplemental oxygen (100%) per
Venturi mask on day 1 the Fio, was estimated
as 0.4 with three litres and 0.5 with five litres
of oxygen. Changes in pulmonary gas exchange
were judged from changes in the oxygenation
ratio — that is, the arterial Po,/Fio,.

The chest radiographs were scored by one
of the investigators who was blinded to the
study results: 1 =mild interstitial oedema, 2=
severe interstitial oedema, 3 = alveolar oedema
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Figure 1  Protein leak index (PLI) in (A) the leg and (B) the lung before and after
aortic surgery. Postoperative versus preoperative values in the leg, p <0.005; in the lung

£<0.02.

in 1-2 quadrants, and 4 =alveolar oedema in
3-4 quadrants.” After day 2 patients were fol-
lowed until discharge from the intensive care
unit to evaluate development of ARDS, defined
according to clinical criteria,*’'°'%?! and for
clinical signs of ischaemic colitis.

Attending physicians, unaware of the study
results, were responsible for all patient man-
agement decisions.

ASSAYS

Inflammatory mediators were determined as
previously described.® In brief, C3a was meas-
ured by a radioimmunoassay (normal values
1-5 nmol/l), TNF-o was measured with a sand-
wich enzyme-linked immunosorbent assay
(ELISA) using monoclonal antibodies raised
against recombinant TNF-o (normal values
<40 pg/ml), IL.-6 was measured by an ELISA
with a lower detection limit of <3 pg/ml, and
IL-8 was measured by an ELISA in which
antibodies to human recombinant IL.-8 were
used, the lower detection limit being <5 pg/
ml. The intra-assay and interassay variation
coefficients for the assays were <15%. Plasma
elastase-o,,-antitrypsin was measured using a
radioimmunoassay and referenced to pre-
formed complexes (normal values <100 ng/ml).

STATISTICAL ANALYSIS

Changes within groups were measured using
the Wilcoxon signed rank test, and the Wil-
coxon rank sum test was used to compare
groups. For correlations, the rank correlation
coefficient (rg) was used. A p value of <0.05
was considered statistically significant. Data
are expressed as median and range, or median
and 95% confidence intervals (CI) as indicated.
The upper 95% CI limit of baseline values
was considered to represent the upper limit of
normal.
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Figure 2 Relation between increases in leg and lung
protein leak index (PLD): rs=0.71, p<0.02. + =
aneurysmatic aortic disease; W = occlusive aortoiliac
disease.

Results

All patients survived to discharge from hospital,
with a median stay on the ICU of 47 (20-360)
hours and a total time on mechanical vent-
ilation of 23 (5-69) hours. No patient de-
veloped ARDS or clinical signs of ischaemic
colitis.

PROTEIN LEAK INDEX (PLI)

The PLI in the leg (figs 1 and 2) increased in
each patient from a median of 0.3 (range —1.6
to 1.7) x 10~*/min before surgery to 5.0 (1.0
to 27.8) x 10™%/min after surgery (p <0.005),
with a median increase of 4.3 (95% CI 3.5
to 17.6) x 10*/min. All postoperative values
exceeded the upper limit of baseline values of
0.9 x 10 */min. In the lung the PLI rose from
a median of 0.6 (range —0.5 to 2.2) to 5.4
(—2.3 to 33.5) x 10*/min (p <0.02), with a
median increase of 5.1 (95% CI 1.6 to
18.2) x 10*/min. For both the PLI in the leg
and the lung these results did not seem to
relate to the type of surgery undertaken. The
postoperative PLI exceeded the upper baseline
limit (1.2 x 107*/min) in seven patients. Leg
and lung PLI did not significantly differ. The
changes in the lung PLI correlated with those
in the leg PLI (fig 2). There was no relation to
the duration of aortic clamping.

PRESSURES, CHEST RADIOGRAPH AND GAS
EXCHANGE

At the time of PLI measurement after surgery
the median PCWP was 9 (range 5-15) and the
MPAP was 20 (11-22) torr. In the two patients
without a pulmonary artery catheter the CVP
was 2 and 8 torr. The PCWP and MPAP did
not differ between patients with and without a
postoperative lung PLI above the upper base-
line limit. There was no difference in these
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Table 1 Course of respiratory variables after aortic surgery

Day 0! Day 1 Day 2

Mechanical ventilation (n)
Positive end expiratory
pressure (cm H,O)
Inspiratory O, fraction
Arterial Po, (torr)®
Arterial Po,/inspiratory O,

11 3
5 (0 to 13) 5 (4 to 8)t

0.40 (0.35 to 0.45)t
96 (78 to 117)+
213 (195 to 334)t

8
5 (0 to 7)*

0.40 (0.35 to 0.51)
112 (85 to 179)
292 (182 to 436)

0.40 (0.35 to 0.50)
97 (80 to 139)**
232 (159 to 347)*

fraction
Interstitial oedema (n)? 3 5 2t
Alveolar oedema (n)> 1 1 0

! At time of postoperative protein leak index measurement.
1 torr=0.133 kPa.

> On chest radiograph.

1 In mechanically ventilated patients

*p<0.05, ** p<0.005 versus day 0.

Table 2 Cellular and humoral mediators

Before surgery Day 0'

Leucocytes ( x 10°/1)
Neutrophils ( x 10/1)
Complement C3a (nmol/l)

Tumour necrosis factor-o. (pg/ml)

Interleukin-6 (pg/ml)
Interleukin-8 (pg/ml)
Elastase-o,-antitrypsin (ng/ml)

8.8 (7.1-119) 10.6 (6.9-17.8)
5.9 (4.0-8.3) 8.4 (4.9-16.4)*
5.0 (3.8-21.0) 6.5 (4.2-18.0)

<40 (<40) <40 (<40 to 96)
<3 (<3-19) 597 (70-934)**
<5 (<5 to 42) 118 (<5-578)*

55 (33-132) 135 (69-387)**

! At time of postoperative protein leak index measurement.
*p<0.05, ** p<0.02 versus before surgery.

pressures or the lung PLI in patients with
radiographic evidence of pulmonary oedema
compared with those without on day O or 1
(table 1). In only one patient with radiographic
evidence of interstitial pulmonary oedema on
day 1 did the lung PLI not increase (from 0.6
before to 0.5 x 10~*/min after surgery) and the
PCWP was 15 torr, the highest value recorded
in this series of patients. The oxygenation ratio
decreased from day O to 1, concomitantly with
a fall in the median PEEP level and an increase
in the number of patients with radiographic
evidence of pulmonary oedema (table 1). The
oxygenation ratio was lower in patients with
radiographic evidence of pulmonary oedema
than in those without it on day 0 (p <0.05)
so that the ratio was inversely related to the
radiographic score (rs=—0.72, p <0.02).
Nevertheless, three patients had been ex-
tubated on day O and five more on day 1.
Neither the oxygenation ratio, the PEEP level,
nor the radiographic score on days 0 or 1 were
related to the increase in lung PLI.

CELLULAR AND HUMORAL MEDIATORS

The leucocyte count was unchanged (table 2)
but circulating neutrophils increased because
of an increased neutrophil fraction from a me-
dian of 0.70 (range 0.50-0.72) to 0.84 (0.74—
0.92) (p <0.02). The increase in the elastase-
o,-antitrypsin level was directly related to the
chest radiographic score on day 0 (rs=0.80, p
<0.05) and day 1 (r5=0.90, p <0.05). The
levels of C3a and TNF-a did not change, while
IL-6 levels increased. The increased post-
operative levels of IL-8 and the changes over
preoperative levels were inversely related to
changes in leucocyte counts (rs=—0.76, p
<0.05; ry=—0.86, p <0.05, respectively), in-
dicating that patients with higher postoperative
levels of IL-8 had lower leucocyte counts. The
IL-8 level after surgery was higher in patients
with a postoperative lung PLI above the upper

baseline limit than in those without such an
increase (p <0.05) so that changes in the lung
PLI, but not the leg PLI, were directly related
to the postoperative level of IL-8 (rs=0.74, p
<0.05) and its increase over preoperative values
(rs=0.86, p <0.05). Also, the increase in the
lung PLI, but not the leg PLI, was greater
in patients with lower leucocyte counts after
surgery (rs= —0.75, p <0.02).

Discussion

The results of this study suggest increased
microvascular protein permeability in the leg
and lung early after aortic surgery and I/R. The
leg I/R may result in neutrophil activation and
release of IL-8, which may induce neutrophil
sequestration and subsequently increased
microvascular permeability in the lung. To-
gether with pressure factors, the latter might
contribute to some degree of acute lung injury,
pulmonary oedema, and gas exchange ab-
normalities after aortic surgery.

Our normal baseline values for the pul-
monary 'In PLI agree with the literature.*°'°
The normal pulmonary ““Ga PLI may be up
to tenfold higher, however.°” The lower "'In
than ““Ga PLI is probably caused by more firm
binding of '"'In to transferrin.®® The difference
between radionuclides may partly explain the
fact that aortic surgery increased the pulmonary
®’Ga PLI in all patients in our previous study®
and the ''In PLI in only seven of the 11 patients
in the current study. Nevertheless, the increases
in "In PLI after surgery fall in the range of
that in patients with ARDS or those at risk for
the syndrome.*?!° However, only a few patients
developed evidence of alveolar pulmonary oed-
ema and none fulfilled the clinical criteria for
ARDS, so the predictive value of a raised "'In
PLI is obscure.*’!°!#2! In a previous study in-
creased permeability of the lungs (*’Ga PLI)
had returned to normal about 24 hours after
aortic surgery.® Hence, the increase in !!!In PLI
may have been transient or increased lymph
flow may have offset increased protein per-
meability, thereby preventing development of
overt alveolar pulmonary oedema in most of
our patients.

The idea that the index is specific for protein
permeability is supported by the lack of de-
pendency of the lung In PLI on pressure
factors.*®*° The absence of a relation between
either pressure factors or permeability on the
one hand and pulmonary oedema on the other
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may suggest that both factors contributed to
the radiographic changes seen in some of our
patients after surgery. In the only patient with
radiographic evidence of interstitial pulmonary
oedema at an unchanged lung PLI after surgery
the PCWP was relatively high, suggesting that
pressure factors rather than increased per-
meability were responsible. In any case, the
development of pulmonary oedema con-
tributed to impaired gas exchange after surgery.

Furthermore, our results suggest that the
increased microvascular protein permeability
in the lungs relates to the severity of I/R injury
in the leg. Moreover, the former may not in-
crease if the latter is relatively mild. Increased
leg microvascular protein permeability after
major vascular surgery may explain the clinical
impression that successful surgical re-
vascularisation of ischaemic limbs is associated
with transient oedema, redness and pain, prob-
ably caused by I/R associated vascular injury.’
Indeed, animal experiments indicate that I/R of
hindlimbs and skeletal muscle elicits (transient)
microvascular changes with increased per-
meability to proteins, tissue oedema, and
injury.” 13-15

The increased levels of elastase-o,-anti-
trypsin and IL-8 may suggest neutrophil ac-
tivation and IL-8 release by the I/R tissue.*®
The release of I1.-8 agrees with the literature,
suggesting that this cytokine may have a role
in the development of acute lung injury and
ARDS in man.®!'"'®%'22 The data also agree
with in vitro studies, showing that hypoxia/
reoxygenation increases IL-8 production by
mononuclear and endothelial cells in-
dependently of TNF-o and IL-1.°% The re-
lease of I1.-8 may have been caused by oxygen
radicals produced by reperfusion induced xan-
thine oxidase since oxygen radical scavengers
selectively inhibit I1.-8 release by stimulated
monocytes.'® Although IL-8 may be a potent
activator of neutrophils, this effect may be lim-
ited to preactivated neutrophils.®!” This might
explain the lack of relation between I1.-8 and
elastase-o,,-antitrypsin levels in our patients,
suggesting that IL-8 may not have been the
sole neutrophil activator.

The direct relation between postoperative
IL-8 levels and the PLI, and the inverse relation
of these factors to leucocyte counts, are con-
sistent with the idea that IL-8, released by the
I/R tissue, contributes to neutrophil se-
questration and thereby to increased micro-
vascular permeability in the lungs. Indeed, the
neutrophil may be central to the development
of remote (in the lung, for example) micro-
vascular injury after I/R in animals.'*'* Even
though increases in lung PLI did not relate to
circulating levels of elastase-o,-antitrypsin, the
relation of the latter to the abnormalities on the
chest radiograph may suggest that neutrophil
derived products are involved in acute lung
injury after I/R in man, in accordance with the
literature.*?

The lack of a relationship between the leg PLI
and circulating levels of leucocytes, elastase-o,;-
antitrypsin, and IL-8 after aortic surgery may
be explained by experimental studies which
have shown that intravenously injected IL-8

Raijmakers, Groeneveld, Rauwerda, Teule, Hack

ameliorates neutrophil adherence and extra-
vasation in local inflammatory sites.'”*® This
is probably caused by stiffening of the neutro-
phil which, in turn, promotes downstream se-
questration of the cells in the pulmonary
microvasculature.!”'® Hence, activated neutro-
phils may have only partly contributed to the
increased leg PLI after I/R induced by aortic
surgery. This may be at variance with the central
role of activated neutrophils to I/R injury of
hindlimb skeletal muscle in some animal stud-
ies, but agrees with studies showing that neutro-
phils hardly accumulate in skeletal muscle and
only partly contribute to tissue injury after
I/R.*2!415 This may leave xanthine oxidase
generated oxygen free radicals and eicosanoids
as primary mediators of both the initial neutro-
phil activation and permeability increases in
the leg after I/R."”

Our study accords with previous ob-
servations that elective aortic surgery does not
activate complement nor release TNF-o..>® This
also agrees with some but not with other ex-
perimental studies suggesting a role for com-
plement and TNF-a in neutrophil activation,
sequestration, and increased permeability in
both the I/R organ and the lungs.'?'* This
discrepancy may be explained by differences in
duration and extent of I/R, and in species
and models. Nevertheless, we cannot exclude
transient activation of complement and TNF-
o production during surgery and release of
IL-1 concomitantly with IL-8 production by
monocytes or endothelial cells.'*'*'7?° The in-
crease in IL-6 concomitantly with IL-8 prob-
ably points to the same mechanism and cell
type for enhanced production in the I/R
tiSSue.f’ 14161720

The limitations of the study include the rel-
atively low number of patients and the use of
baseline as the only control values. By spe-
cifically documenting increased microvascular
protein permeability in both the leg and lungs
after lower body I/R in man, our study never-
theless extends previous findings of the increase
in ““Ga permeability in the lungs shortly after
aortic surgery.® The unchanged ”Ga PLI in the
lungs early after peripheral vascular surgery in
that study® suggests that the increases in PLI
seen early after aortic surgery in the current
study are caused by extensive I/R rather than
by the surgical procedures.

In conclusion, increased microvascular pro-
tein permeability in the lung after I/R associated
with aortic surgery may be caused by pul-
monary sequestration of activated neutrophils
induced by IL-8 release upon I/R. Although
none of the patients developed ARDS, the
mechanisms proposed may help to explain the
development of acute lung injury after major
vascular surgery.

We are indebted to Anke J] M Eerenberg for the excellent
technical support. This research was supported by a grant from
the Stichting Maatschappij tot Redding van Drenkelingen and
the Academisch Ziekenhuis Vrije Universiteit.
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