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Elevated pulmonary dead space

and coagulation abnormalities suggest lung
microvascular thrombosis in patients
undergoing cardiac surgery

Abstract Objective: Inflammation
has been shown to trigger microvas-
cular thrombosis. Patients undergoing
cardiac surgery sustain significant
inflammatory insults to the lungs
and in addition are routinely given
anti-fibrinolytic agents to promote
thrombosis. In view of these risk
factors we investigated if evidence of
pulmonary microvascular thrombosis
occurs following cardiac surgery and,
if so, whether a pre-operative heparin
infusion may limit this. Design:
Double-blind randomised controlled
trial. Setting: Tertiary university
affiliated hospital. Patients: Twenty
patients undergoing elective cardiac
surgery. Interventions: Patients were
randomised to receive a pre-operative
heparin infusion or placebo. All
patients were administered apro-
tinin. Measurements and results:
Pulmonary microvascular obstruc-
tion was estimated by measuring

the alveolar dead-space fraction.
Pulmonary coagulation activation
was estimated by measuring the ratio
of prothrombin fragment levels in

radial and pulmonary arterial blood.
Systemic tissue plasminogen acti-
vator (t-PA) levels were also
assessed. In the placebo group
cardiac surgery triggered increased
alveolar dead-space fraction levels
and the onset of prothrombin frag-
ment production in the pulmonary
circulation. Administration of pre-
operative heparin was associated
with a lower alveolar dead-space
fraction (p < 0.05) and reduced pro-
thrombin fragment production in the
pulmonary circulation (p < 0.05).
Pre-operative heparin also increased
baseline t-PA levels (p < 0.05). Con-
clusion: The changes in the alveolar
dead-space fraction and pulmonary
coagulation activation suggest that
pulmonary microvascular thrombosis
develops during cardiac surgery and
this may be limited by a pre-opera-
tive heparin infusion.

Keywords Cardiopulmonary by-
pass - Coagulation - Fibrinolysis -
Inflammation - Thrombosis

Introduction

In patients undergoing cardiac surgery a range of in-
flammatory insults contribute to post-operative lung
injury [1, 2]. Inflammatory insults include lung ischaemia
sustained during cardiopulmonary bypass (CPB), surgical
trauma and contact of blood with the foreign surface of
the CPB circuit [3-7]. In other inflammatory conditions,
such as sepsis, microvascular thrombosis has been shown

to be a mechanism of organ injury [8, 9]. Stimulation of
microvascular endothelial cells by inflammatory media-
tors is the initial process that gives rise to microvascular
thrombosis [10]. In response, endothelial cells express
platelet and white cell ligands, such as vascular cell
adhesion molecule-1 (VCAM-1) [11-13]. Within min-
utes platelets and white cells adhere to the endothelium
forming cellular aggregates. The endothelium and aggre-
gated cells, in turn, express tissue factor, which triggers



coagulation activation [8]. These responses result in fibrin
deposition and microvascular thrombosis [14-18]. In
patients undergoing cardiac surgery the risk of developing
microvascular thrombosis may be further increased by the
routine use of anti-fibrinolytic agents to promote thromb-
osis [19, 20].

Case reports have demonstrated microvascular thrombi
in the lungs, heart and kidneys of patients that died
following cardiac surgery [21-25]. In a case series of nine
patients that developed acute post-operative pulmonary
hypertension, multiple microvascular thrombi were
demonstrated in the lungs [25].

In this study we sought to assess if a pre-operative hep-
arin infusion limited evidence of pulmonary microvascular
thrombosis. Pulmonary microvascular thrombosis was
estimated by measuring the alveolar dead-space fraction
(the alveolar dead space to tidal volume ratio) [26] and
the extent of coagulation activation in the pulmonary
circulation was estimated by measuring the ratio of pro-
thrombin fragment levels in radial and pulmonary arterial
blood.

Materials and methods

Subjects

We studied patients undergoing elective coronary artery
bypass grafting (CABG) with CPB. Patients were excluded
if they had had previous CABG or required a surgical inter-
vention in addition to CABG, a creatinine level greater
than 200 umol/l or age greater than 85 years. The study was
approved by the St. Vincent’s Hospital Human Research
Ethics Committee. All patients gave written informed con-
sent before participation in the study.

Interventions

We undertook a double-blind placebo-controlled trial.
Patients were randomised (computer-generated blocks of
four) to a continuous pre-operative infusion of heparin
or placebo. The infusion bags (500ml of 5% glucose)
and rates of infusion were identical in both groups.
The pre-operative heparin group had 25,000 units (U)
of heparin (Porcine Heparin Sodium, Pharmacia, Mel-
bourne, Australia) added to the bag. Drug preparation
was performed by nurses not involved with data col-
lection. The infusion commenced with a bolus of
100 ml of fluid (5000U of heparin) over 30 min, and
was then continued at 0.36ml/kgh™ (18U of hep-
arin/kg h™!). The infusion commenced on average 10h
before surgery and was continued until the intra-operative
heparin bolus — given just before commencement of
CPB.
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Data collection

The alveolar dead-space fraction, the alveolar arterial
(A-a) oxygen gradient, lactate, Hb and haemodynamic
variables were measured following anaesthetic induction,
following sternotomy and at 0, 1, 2, 3 and 4 h post-CPB.
At the same time points blood was aspirated from the
distal port of the pulmonary artery catheter and then
immediately from the radial arterial line for prothrombin
fragments, blood gas, white cell and platelet levels.
The ratio of prothrombin fragment levels in radial and
pulmonary arterial blood was calculated. A ratio greater
than 1 suggests coagulation activation in the pulmonary
circulation. Tissue plasminogen activator, s-VCAM-1 and
troponin I levels were sampled at the same time points
from the radial arterial line. The ventilator and ventilator
settings were standardised for all measurements. The
alveolar dead space was measured using the Cosmo Plus
Respironics monitor (Novametrix Medical Systems, Con-
necticut). The A-a gradient was calculated using standard
formulae. The left ventricular (LV) ejection fraction was
graded by intra-operative trans-oesophageal echocardio-
graphy, where severe dysfunction represents a ejection
fraction < 30%, moderate 30—44%, mild 45-54% and
normal > 55%. Haemodynamic variables were meas-
ured with a pulmonary artery catheter using standard
techniques. Automated laboratory analyses of Hb, white
cell and platelet levels were undertaken. Prothrombin
fragments, t-PA, s-VCAM-1 and troponin-I levels were
assayed by enzyme-linked immunoassays. (For more
details regarding data collection see the ESM.)

Anaesthesia and surgical management

Patients were administered 2 million units IV aprotinin
following induction followed by 0.5 million U/h for the
duration of the operation. An additional 2 million units
was added to the pump prime. All patients were hep-

‘ Assessed for eligibility (n=25) ‘

Excluded (n=5) %

(refused consent n=5)

Randomized (n=20)

Allocation to control group (n=10) Allocated to intervention group (n=10)
Received allocated intervention (n=10) | | Received allocated intervention (n=10)

‘ Lost to follow up (n=0) ‘ ‘ Lost to follow up (n=0) ‘

Analyzed (n=10) Analyzed (n=10)
Excluded from analysis (n=0) Excluded from analysis (n=0)

Fig.1 The Consort flow diagram showing participant progress
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arinised just before commencement of CPB (initial dose
~300U/kg) to maintain an activated clotting time (using
kaolin) above 400 s. (For more details see the ESM.)

Statistical analysis

The study was powered to demonstrate a 30% difference
in the alveolar dead-space fraction, with 80% power
at a significance level of 0.05. Fisher’s exact test com-
pared categorical variables. Student’s t-test compared
normally distributed variables and the Mann—Whitney test
non-normally distributed variables. Repeated measures
analysis of variance (ANOVA) was used to compare vari-
ables repeatedly measured over time. Statistical analysis
was performed with Statview (SAS Institute, Cary, NC,
USA).

Results

The Consort flow diagram presents participant progress
(Fig.1). Twenty patients were studied, 10 received
pre-operative heparin and 10 placebo. The baseline and
operative characteristics for the two groups were similar
(Tables 1, 2). The APTT level at anaesthesia induction
was significantly higher in the heparin group (126 vs.
37s, p <0.0001). One patient in the pre-operative heparin
group died from acute heart failure, as a result of graft

failure, on the second post-operative day. Operative
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Fig.2 The alveolar dead-space fraction in patients undergoing
cardiac surgery. Stern indicates post-sternotomy. Data shown as
mean + SEM. The alveolar dead-space fraction was lower in the
pre-operative heparin group (p <0.05, repeated-measures ANOVA
comparison of group and also group time interaction)
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Fig.3 The alveolar to arterial oxygen gradient (A—a) and mean pul-
monary artery pressure levels in patients undergoing cardiac surgery.
Stern indicates post-sternotomy. Data shown as mean = SEM. There
were no significant differences between groups (repeated-measures
ANOVA)

characteristics, including CPB and cross-clamp times,
number of grafts and intra-operative heparin dose, were
similar between groups (Table 2).

Pulmonary responses

At baseline the alveolar dead-space fraction was 0.22 in
both groups. In the placebo group the alveolar dead-space
fraction increased markedly following cardiac surgery. The
alveolar dead-space fraction increased 27% following ster-
notomy and increased further to 35% above baseline levels
at the end of CPB; thereafter, levels fell but were still



Table 1 Baseline characteristics.

ACE, angiotensin converting
enzyme; CCS, Canadian
Cardiovascular Society;

LV, left ventricle; t-PA, tissue
plasminogen activator;

PTF, prothrombin fragments;
s-VCAM-1, soluble vascular cell
adhesion molecule

Table2 Operative
characteristics. CPB,
cardiopulmonary bypass;
ACT, activated clotting time

Table 3 Post-operative
characteristics. ICU, intensive
care unit; MAP, mean arterial
pressure; CI, cardiac index

above baseline levels at 4 h post-CPB. Administration of
pre-operative heparin was associated with lower alveolar
dead-space fraction levels (p < 0.05, comparison of group
and also group time interaction; Fig. 2). The A-a gradient

Characteristic Heparin
Age (years) 6312
Male (%) 100
Ever smoked (%) 70
Pack years 24 +22
Diabetes (%) 30
Hypertension (%) 50
Statin (%) 90
ACE inhibitor (%) 60
Aspirin stopped (%) * 50
CCS angina class 22+0.6
Infusion hours 95+1.2
LV function (%)

Normal 70

Mild impairment 20

Moderate impairment 0

Severe impairment 10
t-PA (ng/ml) 11 (8-15)
PTF (pmol/l) 120 +56
s-VCAM-1 (ng/ml) 321 (297-403)

Placebo

6118

80

80

30+40

40

80

100

50

80
1.7£0.7
9.8+13

80
20
0
0
7(6-9)
189 £57
330 (291-389)

Significance (p)

0.6
0.5
0.6
0.7
0.6
0.4
1.0
0.7
0.4
0.10
0.6

0.2
<0.05

0.01

0.7
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Data shown as mean £ SD or median (interquartile range); * Aspirin stopped 7 days before surgery

Characteristic Heparin
CPB time (min) 95419
Cross-clamp time (min) 73+£21
Total grafts 324+0.6
Arterial grafts 25+£0.7
Vein grafts 0.7£1.2
Minimum temperature (°C) 32.7£0.5
Heparin at onset CPB (units/kg) 314 £47
Pre-ACT (s) 174 +32
Maximum ACT during CPB (s) 826 £ 150
Post-CPB ACT (s) 140 £ 15

Data shown as mean + SD

Characteristic Heparin
ICU stay (h) 32426
Hospital stay (days) 6.8+£2.8
Ventilation (h) 124+4.1
Adrenaline (%) 20
Noradrenaline (%) 30

MAP (mmHg)? 85+7

CI (/minm~2)? 2.740.3
Lactate (mmol/l1)? 1.8£0.8
Haemoglobin (g/1)? 94+10
Chest tube blood loss 255 (210-320)
at 4 h post-CPB (ml)

Packed cells transfused 0.7£1.6

Placebo

101 £16
81+14
33£0.7
2.8+09
05+09
324+0.6
317£28
153 £22
852+ 86
137+ 14

Placebo

29425
7.6+1.4
15.1+49
10
20
84 +7
29+£05
2.1£0.8
97+8
170 (100-205)

02+0.6

Significance (p)

0.4
0.3
0.7
0.4
0.7
0.3
0.9
0.1
0.6
0.6

Significance (p)

0.8
0.5
0.2
0.5
0.6
0.7
0.4
0.3
0.5
<0.05

0.4

Data shown as mean = SD or median (interquartile range); * The summary value represents the average

value for the 0-, 1-, 2-, 3- and 4-h time points post-CPB

increased to a similar extent in both groups following
cardiac surgery (Fig.3). The mean pulmonary artery
pressure was similar in both groups following cardiac
surgery CPB (Fig. 3).
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Fig.4 Radial to pulmonary arterial prothrombin fragment ratio
in patients undergoing cardiac surgery. Stern indicates post-
sternotomy. Data shown as mean 4 SEM. Pre-operative heparin
reduced pulmonary prothrombin fragment production post-CPB
(p<0.05, repeated-measures ANOVA comparison between groups
from 1 h post-CPB)
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Fig.5 Tissue plasminogen activator (#-PA) levels in patients under-
going cardiac surgery. Stern indicates post-sternotomy. Data shown
as mean + SEM. Levels were higher in the pre-operative heparin
group at time points prior to cardiopulmonary bypass (p <0.05)

Coagulation activation in the pulmonary circulation

The ratio of radial to pulmonary arterial blood prothrom-
bin fragment levels at baseline was less than 1 in both
groups. At sternotomy and at the end of CPB, the ratio was
greater than 1 in both groups; thereafter, the ratio remained
greater than 1 in the placebo group, but fell below 1 in
the pre-operative heparin group (p < 0.05, comparison
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Fig.6 Soluble vascular cell adhesion molecule-1 (s-VCAM-1) and
troponin-I levels in patients undergoing cardiac surgery. Stern indi-
cates (post-sternotomy). There were no significant differences be-
tween groups (repeated-measures ANOVA)

of group; Fig.4). Systemic prothrombin fragment levels
were also reduced at baseline in the pre-operative heparin
group (p =0.01; Table 1).

Tissue plasminogen activator

Blood t-PA levels were significantly higher at both base-
line (p < 0.05; Table 1) and post-sternotomy (p =0.01) in
the pre-operative heparin group. Subsequent CPB levels
increased about twofold in both groups and remained ele-



vated thereafter. The levels reached were similar in both
groups post-CPB (Fig. 5).

Vascular cell adhesion molecule-1 and troponin-I levels

Blood s-VCAM-1 levels were similar in both groups
throughout the study period (Fig.6). Troponin-I levels
were initially lower at the end of CPB, in the pre-
operative heparin group, and thereafter levels were similar
(Fig. 6).

Pulmonary white cell and platelet retention

The changes in the radial to pulmonary arterial platelet and
white cell ratios were similar in both groups. We did not
find significant evidence of pulmonary platelet or white
cell retention.

Post-operative characteristics

Post-operative characteristics, including hours of mechan-
ical ventilation, intensive care unit and hospital length of
stays, haemodynamic characteristics, inotrope use, Hb and
lactate levels, were similar between groups. Chest-drain
blood loss at 4 h was greater in the pre-operative heparin
group, but transfusion requirements were similar between
groups (Table 3).

Discussion

Our study found evidence suggesting that pulmonary
microvascular thrombosis occurs during cardiac surgery.
Firstly, in the placebo group we found that the alveolar
dead-space fraction increased by 35% compared with
baseline levels following cardiac surgery (a finding
consistent with reduced alveolar perfusion). Secondly,
we demonstrated that cardiac surgery triggered coagu-
lation activation in the pulmonary circulation. Finally,
we demonstrated that a pre-operative heparin infusion
was associated with reduced alveolar dead-space fraction
levels and reduced coagulation activation in the pulmonary
circulation.

This effect of pre-operative heparin in limiting co-
agulation activation in the pulmonary circulation may
appear surprising in view of the fact that both groups were
administered 300 U/kg of heparin just before commence-
ment of CPB; however, a number of the anti-coagulant
actions of heparin manifest through pathways requiring
protein synthesis; hence, these actions peak some hours
after heparin administration. The addition of a pre-
operative heparin infusion to the standard intra-operative
bolus of heparin may theoretically therefore enhance
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heparin’s anti-thrombotic properties during cardiac
surgery. These anti-coagulant actions include endothelial
expression of heparan sulfate [27], endothelial and platelet
secretion of tissue factor pathway inhibitor (TFPI) and
inhibition of endothelial and monocyte expression of
tissue factor [28, 29]. Our finding that post-operative chest
tube drainage was significantly greater in the pre-operative
heparin group also supports this contention.

Heparin has also previously been shown to trigger in-
creased endothelial expression of t-PA [30]. As expected,
therefore, t-PA levels were significantly increased before
CPB in the pre-operative heparin group. Following the
intra-operative heparin bolus levels increased in both
groups to a similar extent. Enhancement of fibrinolysis
may also be a mechanism by which pre-operative heparin
limited the increase in the alveolar dead-space fraction.
Pre-operative heparin had no effect on s-VCAM-1 levels
or the extent of white cell or platelet retention in the lungs.
Pre-operative heparin did not significantly improve the
A-a gradient, mean pulmonary artery pressure levels or
troponin I levels.

Our finding that cardiac surgery was associated with
a marked increase in the alveolar dead-space fraction is
consistent with other forms of acute inflammatory lung
injury, such as the acute respiratory distress syndrome
(ARDS). A recent study of patients presenting to the emer-
gency department with ARDS found that the extent of the
increase in the alveolar dead space was an independent
predictor of death [31].

The administration of aprotinin may have played a role
in our finding of evidence of pulmonary microvascular
thrombosis. Case reports have demonstrated an asso-
ciation between aprotinin and histological evidence of
microvascular thrombosis [21-25]. In addition, aprotinin
has been implicated in the development of multi-organ
failure following cardiac surgery [19, 20].

Potential limitations

The major limitations of our study were the indirect
methods used to assess evidence of pulmonary micro-
vascular thrombosis. Factors other than microvascular
obstruction may increase the alveolar dead-space fraction.
Alveolar blood flow may fall due to low blood pressure
or a poor cardiac output [32]. Blood pressure and cardiac
output levels were, however, adequate and equivalent in
both groups. Variations in ventilation parameters, such
as tidal volume and respiratory rate, may also increase
the alveolar dead-space fraction [33]. The ventilation
parameters were, however, kept constant throughout the
study period.

Atelectasis may also contribute to an increase in the
alveolar dead space through high V/Q mismatch. Our
interpretation of the changes in the ratio of radial to
pulmonary arterial prothrombin fragment levels may be
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questioned. Our interpretation is supported by a study of
patients undergoing cardiac surgery that demonstrated
increased intravascular fibrin formation following reper-
fusion of the lungs and heart [34], and also by animal
models of CPB and pulmonary ischaemic-reperfusion
injury, which demonstrated pulmonary microvascular
thrombosis and beneficial outcomes associated with

anti-coagulants [14—17].
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