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Abstract Objective: To determine
the homeostatic balance of patients
with ventilator-associated pneumonia
(VAP) with respect to the adequacy
of antimicrobial therapy. Design and
setting: Descriptive observational
study in a 12-bed medical intensive
care unit in a university-affiliated
hospital. Patients: Twenty-nine pa-
tients with VAP documented by
quantitative culture of bronchoalveo-
lar secretions and a control group of
eight mechanically ventilated pa-
tients. Methods: Serial bronchoalve-
olar lavage fluid (BALF) samples
were assayed for prothrombin acti-
vation fragment (F1+2), thrombin-
antithrombin (TAT) complex, fibrin-
olytic activity, urokinase-type plas-
minogen activator (u-PA), and plas-
minogen activator inhibitor type 1
(PAI-1) on days 1, 4, and 7 after VAP
onset. Results: Pathogens isolated
from patients with inadequate em-
pirical antimicrobial coverage in-
cluded methicillin-resistant Staphy-
lococcus aureus (n=2), Pseudomonas
aeruginosa (n=4), and Acinetobacter
baumannii (n=1). Compared to those

who received adequate antibiotic
therapy, TAT, F1+2, and PAI-1 lev-
els increased while u-PA levels re-
mained unchanged. Despite antibiotic
adjustment on day 4, TAT levels re-
mained elevated in those who lacked
adequate antimicrobial coverage and
were significantly correlated with
PaO2/FIO2. The procoagulant activity
was accompanied by a local depres-
sion of fibrinolytic capacity that was
attributed mainly to increased BALF
PAI-1 levels. Nonsurvivors showed
significantly higher levels of TAT
and PAI-1 than survivors. No signif-
icant correlation between the bacte-
rial burden and the homeostatic
derangements was documented.
Conclusions: The lung inflammatory
response seems to promulgate a local
procoagulant activity associated with
hypoxemia in those with inadequate
antibiotic therapy. The homeostatic
derangement seems to be indepen-
dent of the lung bacterial burden.
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Introduction

Ventilator-associated pneumonia (VAP) is a frequent
complication in patients requiring mechanical ventilation
with an incidence rate of 10–25% [1, 2] and a crude
mortality ranging from 10% to 40% [3]. Mortality rates,
however, have been reported as high as 91% in patients
receiving inadequate antibiotic therapy [4]. In these pa-

tients refractory hypoxemia, increased capillary perme-
ability, and reduced lung compliance often herald the
terminal event.

During severe infection pronounced disturbances in
intra-alveolar homeostatic response have been described
in both experimental models of sepsis and endotoxemia
[5] and in mechanically ventilated patients with severe
pneumonia [6]. An increase in procoagulant activity and a
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decrease in pulmonary fibrinolysis are consistently re-
ported. These changes are thought to represent transient
abnormalities with complete restitution of the delicate gas
exchange barrier. However, in persistent inflammatory
condition thrombin and fibrin degradation products may
compromise the endothelial monolayer integrity [7] and
lead to overwhelming systemic inflammatory response
causing multiorgan system failure. As such, differential
alveolar hemostatic balance in regard to appropriateness
of antimicrobial therapy has not hitherto been performed
either clinically or experimentally. We hypothesized that
inadequate antimicrobial therapy alters the homeostatic
balance in favor of a persistent procoagulant state. The
current investigation was undertaken to delineate the
temporal impact of empirical antimicrobial therapy on the
alveolar coagulation and fibrinolytic pathways of patients
with VAP. (Some of the results of this study have been
reported previously in the form of an abstract [8].)

Methods

Study population

The study was conducted in a 12-bed medical intensive care unit at
a tertiary hospital affiliated with the University at Buffalo over a
16-month period. The protocol was approved by the local institu-
tional review board, and informed consent was obtained from the
health care proxy or the next of kin. A total of 53 consecutive
patients requiring mechanical ventilation for at least 72 h were
considered for inclusion if they developed new pulmonary infil-
trates on chest radiography along with at least two of the following
criteria: (a) fever 38�C or higher, (c) leukocytes 10,000 mm3 or
more, (c) purulent respiratory secretions. Of the 53 patients with
suspected VAP 29 completed the study; 7 were extubated prior to
completion of the protocol, 4 were excluded because of lack of
consent or refusal to participate, 2 received antibiotics prior to
performing the bronchoalveolar lavage (BAL) procedure at VAP
onset, 2 had positive blood cultures, and 9 did not meet the
threshold for the definition of VAP. Of the 29 patients who com-
pleted the study 22 (76%) received adequate antimicrobial therapy
and 7 had at least one micro-organism resistant to the antibiotic
coverage prescribed on suspected VAP onset. The reason for me-
chanical ventilation was chronic obstructive pulmonary disease
(n=4), severe community acquired pneumonia (n=9), septic shock

(n=7), cerebrovascular accident (n=6), and postoperative respira-
tory failure (n=3). The general characteristics of the study popu-
lation are shown in Table 1. There were no differences with regards
to age, gender, use of previous antibiotics, radiological scores, or
underlying comorbid diseases between the two groups. The severity
of illness and the length of time on mechanical ventilation prior to
the onset of VAP were significantly different, however. There was
at least one comorbid illness in 76%, and 15% had two or more. In
patients with more than one VAP episode during the study period
only the first infection was included in the analysis to ensure in-
dependence of observations. Exclusion criteria included bactere-
mia, acute respiratory distress syndrome, initiation of antibiotic
therapy within 48 h of clinical suspicion of VAP for alterna-
tive reasons, anticoagulation therapy, immunosuppression, organ
transplantation, and the presence of hematological or solid malig-
nancies.

Data collection

Data recorded at study enrollment included age, gender, comorbid
diseases, reasons for mechanical ventilation, duration of mechani-
cal ventilation before study onset, antibiotics prior to VAP onset,
radiological score [9], and Acute Physiology and Chronic Health
Evaluation (APACHE) II score [10]. Clinical and laboratory data
were collected daily from the onset of VAP up to 7 days. The
choice of initial antimicrobial therapy was determined by the
treating physicians. Patients suspected of having VAP underwent
bronchoscopic BAL prior to initiation or change in antimicrobial
coverage. Four aliquots (20 ml each) of sterile saline were instilled
and aspirated. The first 20 ml recovered was discarded. The rest of
the samples were pooled together. One-half the amount was sent for
microbiology processing, and the rest was filtered through two
layers of sterile gauze and centrifuged at 250 g for 10 min at 4�C.
The cell free supernatant was stored in small aliquots at �70� C for
homeostatic assays. Cells were resuspended in phosphate-buffered
saline and counted by means of a Neubaeur chamber as described
elsewhere [11]. The viability of the cells was assessed by trypan
blue. Differential cell counts were performed on cytopsin prepa-
rations stained with a modified Giemsa-based Diff-Quick stain
(Baxter Scientific Products, McGraw Park, Ill., USA). BAL fluid
(BALF) total proteins levels were measured by a modified Lowry
assay [12].

Microbiological analysis

Microbiological specimens were processed as described previously
[13]. Both Gram and Wright stains were carried out on cytocen-
trifuge preparations. Patients were considered to have VAP when

Table 1 Characteristics of the study population

Adequate (n=22) Inadequate (n=7) Control (n=8)

Age (years) 74.4€4.4 73.1€1.0 68€4.9
Gender: M/F 14/8 4/3 3/5
Days of mechanical ventilation prior to VAP 9.4€9.2 13.7€11.4* –
Previous antibiotics 12 (55%) 5 (71%) –
Radiological score 6.1€2.3 5.8€2.1 –
APACHE II 26.0€5.3 29.6€5.8* 22.4€3.2
Comorbid diseases
Coronary artery disease 9 (41%) 3 (43%) 2 (25%)
Diabetes mellitus 5 (23%) 2 (29%) –
Renal disease 4 (18%) 1 (14%) –
Miscellaneous 5 (23%) 3 (43%) 1 (13%)

* p<0.05 vs. adequate
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the following criteria were present: 2% or more of the cells in the
cytocentrifuge preparations from BALF contained intracellular
bacteria and at least one bacterial species grew at a concentration
of104 cfu/ml or more from the BALF sample.

Homeostatic activity

Coagulation activity in BALF was determined by measuring spe-
cific markers for thrombin generation: prothrombin fragments F1+2
and thrombin-antithrombin complexes using their respective en-
zyme-linked immunosorbent assays (ELISAs; Hemex Laboratories,
Phoenix, Ariz., USA). The activity of the fibrinolytic system was
assayed by an amidolytical assay as previously described [14].
Urokinase-type plasminogen activator (u-PA) and plasminogen
activator inhibitor type 1 (PAI-1) levels were measured with their
respective ELISAs (Hemex). BALF controls were obtained from
eight patients without cardiac or pulmonary disease who were in-
tubated for airway protection. Patients with suspected but uncon-
firmed pneumonia were not included in the control group. A repeat
non-bronchoscopic-directed BAL (Ballard Medical Products,
Draper, Utah, USA) was performed on day 4 before adjusting the
antibiotics for the susceptibility patterns of recovered pathogens,
and on day 7 of VAP onset. Sequential microbiological and co-
agulation profiles were determined at each of these time points as
described previously.

Definitions

Adequate therapy was defined as the use of at least one antibiotic to
which all isolates recovered from BALF were susceptible in vitro.
Septic shock was defined as a systemic inflammatory response to
infection (i.e., the presence of two or more of the following: tem-
perature >38�C or <36�C, heart rate >90 beats/min, respiratory rate
>20 breaths/min or PaCO2 <32 torr, and leukocyte count >12,000
cells/mm3 or >10% bands) in the presence of hypotension (systolic
blood pressure <90 mmHg or a reduction of >40 mmHg from
baseline in the absence of other causes) [15].

Statistical analysis

Descriptive analysis was performed using the NCSS 2000 software
(NCSS Statistical Analysis System, Kaysville, Utah, USA). Means
were compared using Student’s t test when normally distributed and
the Mann-Whitney test otherwise. Proportions were compared us-
ing the c2 test with Yate’s correction or Fisher’s exact test when
necessary. A nonlinear regression analysis was performed to look at
the association between the thrombin antithrombin levels and the
PaO2/FIO2 ratio. Analysis of variance for repeated measures was
carried out for sequential measurements and post hoc tests were
used for comparison of all pairs of columns. Statistical significance
was defined as p<0.05.

Results

Microbiological findings

Overall 35 pathogens were recovered from bronchoalve-
olar sampling (Table 2). The most frequently isolated
organisms were Staphylococcus aureus (n=9) and Pseu-
domonas aeruginosa (n=11). Seven of the nine S. aureus
isolates were methicillin resistant. Gram-negative enteric
bacilli were more likely to be isolated from the group of

patients receiving adequate antimicrobial therapy than in
those who were inadequately treated. Polymicrobial in-
fection was present in six patients. Two patients had S.
aureus plus P. aeruginosa; the others were S. aureus plus
Escherichia coli, S. aureus plus Streptococcus viridans,
Acinetobacter baumannii plus P. aeruginosa, and Steno-
trophomona maltophilia plus P. aeruginosa.

The most frequently prescribed antibiotics for the
22 patients with adequate antimicrobial coverage were
combination of piperacillin/tazobactam and vancomycin
(n=11), imipenem and vancomycin (n=7), piperacillin/
tazobactam plus gentamycin plus vancomycin (n=3), and
cefipime and amikacin (n=1). In those who received ini-
tial inadequate antimicrobial coverage empirical antimi-
crobial coverage included monotherapy in two cases and
consisted of piperacillin/tazobactam in one and cefipime
in the other. A combination of ciprofloxacin plus gen-
tamycin plus vancomycin (n=1), piperacillin/tazobactam
plus ciprofloxacin (n=3), and cefipime plus flagyl (n=1).

Course of clinical and infectious parameters

Figure S 1 (a–c) shows the time-dependent analysis per-
formed for the clinical indices of the study population.
Leukocyte count, temperature, and PaO2/FIO2 ratio were
similar between those who had adequate and those had
inadequate therapy on the day on which VAP was diag-
nosed. The mean positive end-expiratory pressure levels
were also comparable between the two groups (5.2€0.7
vs. 5.1€0.4 cmH2O, respectively). The trends began to
diverge on day 3 and reached statistical significance
on day 4 for temperature (99.0€1.8�F vs. 100.7€1.8�F,
p=0.001) and leukocyte count (8.8€1.9 vs. 11.8€3.6 cells/
mm3, p<0.001). The PaO2/FIO2 ratio lagged behind
the other variables in term of improvement until day 5
(296.9€90.0 vs. 139.5€83.1, p<0.001) and remained sig-
nificantly different between the two groups even after the
antimicrobial coverage was adjusted for susceptibilities.
The bacterial load remained elevated in those who re-
ceived inadequate antibiotic coverage but declined fol-

Table 2 Microbial pathogens associated with ventilator-associated
pneumonia

Adequate
(n=22)

Inadequate
(n=7)

n % n %

Cocci
Staphylococcus aureus 6 27% 3 43%
Streptococcus species 3 14% 0 –

Bacilli
Pseudomonas aeruginosa 7 32% 4 57%
Haemophilus influenzae 2 9% 0 –
Gram-negative enteric bacilli 6 27% 0 –
Acinetobacter baumannii 1 5% 1 14%
Stenotrophomonas maltophilia 0 – 2 29%
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lowing change of antibiotic treatment (Fig. S.2). No sig-
nificant differences were found when comparing the daily
changes in leukocyte counts, temperatures, and PaO2/
FIO2 ratio and the predominant pathogens.

Coagulation profiles

The prothrombin activation fragments F1+2 and the
thrombin-antithrombin complex levels in BALF were
higher at the time of study enrollment for in groups than
in controls (Fig. 1a, 1b). While thrombin-antithrombin
levels declined in those who received adequate treatment,
thrombin generation remained elevated in those who had

inadequate coverage as reflected by a persistent produc-
tion of prothrombin activation fragments (p=0.001) and a
1.4-fold increase in thrombin-antithrombin levels on day
4 after VAP onset (p=0.03). Interestingly, thrombin-an-
tithrombin levels remains elevated on day 7 in those who
lacked adequate antimicrobial coverage (p<0.001) even
though the prothrombin generation dropped during the
same period. The ratio of PaO2/FIO2 to thrombin anti-
thrombin levels was notably lower in those who received
inadequate antibiotic treatment (Fig. 2). Although we did
not find a correlation between bacterial load and that of
coagulation indicators, there was a significant correlation
between PaO2/FIO2 and the thrombin antithrombin com-
plex levels (R2=0.61, p<0.001; Fig. S.3).”

The overall BALF fibrinolytic activity was substan-
tially lower in both groups of patients with VAP than in
controls (Fig. 3a). The most prominent suppression was
noted in patients who received inadequate antimicrobial
therapy. Analysis of this reduction showed that this was
caused predominantly by a rise in the concentrations of
PAI-1 (Fig. 3b) rather than u-PA levels (Fig. 3c). Even
after antibiotic change was implemented on day 4, the
levels of PAI-1 remains elevated on day 7 in those who
had initial inadequate antimicrobial coverage although
not statistically significant (p=0.2).

Outcome

The crude mortality for the study group was 28% (8 of the
29). Five patients succumbed to multiorgan system fail-
ure. Two died of septic shock related to Pseudomonas
aeruginosa and Candida glabrata, and one had life sup-
port measures withdrawn. Four of those who received
inadequate antimicrobial therapy (57%) died, compared

Fig. 1 Bronchoalveolar lavage fluid procoagulant activity—
thrombin-antithrombin (TAT) complexes and F1+2 levels— in
those who received adequate antibiotic coverage (closed circles)
and those who did not (open squares). *p<0.05, †p<0.001 (Bon-
ferroni’s post hoc analysis) between day 1 and day 4 in those with
inadequate antimicrobial coverage

Fig. 2 Comparison of (PaO2/FIO2)/TAT ratio between those who
received adequate antimicrobial therapy and those who did not
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to four of those who were treated appropriately (18%;
p=0.07). Of interest, there was a significant difference in
day 7 levels of BALF thrombin-antithrombin complexes
between those who survived and those who died (p=0.04;
Fig. 4). A similar trend was also observed in BALF PAI-1
levels, but the difference did not reach statistical signifi-
cance (p=0.1).

Discussion

The most important findings of this study demonstrate: (a)
an intra-alveolar shift of the local homeostatic balance to
the procoagulant side, (b) a significant correlation be-
tween severity of hypoxemia and thrombin-antithrombin
complexes, and (c) a lack of normalization of the fibrin-
olysis pathway despite antibiotic adjustment.

Alveolar homeostasis in severe pneumonia has been
investigated in both experimental and clinical studies;
however, the temporal patterns of change in the coagu-
lation pathway have not been described previously, par-
ticularly in regard to adequacy of antimicrobial therapy.
In the current study we observed a rapid resolution of the
homeostatic disturbances in patients who had adequate
empirical antimicrobial coverage. In comparison, there
was a marked increase in the procoagulant activity in the
alveolar lining milieu in those with initial inadequate
antimicrobial coverage. The rise in thrombin-antithrom-
bin complex and the prothrombin activation peptide
fragment F1+2 paralleled the threefold increase in these

Fig. 3 Bronchoalveolar lavage fluid fibrinolytic activity (a), uro-
kinase-type plasminogen activator (u-PA, b) and plasminogen ac-
tivator inhibitor type 1 (PAI-1, c) levels in those who received
adequate antibiotic coverage (closed circles) and those who did not

Fig. 4 Comparison of thrombin-antithrombin complexes and plas-
minogen activator inhibitor type 1 levels between survivors and
nonsurvivors

(open squares). * p<0.05, † p=0.009 (Bonferroni’s post hoc analy-
sis) between day 1 and day 4 in those with inadequate antimicrobial
coverage
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markers in the BALF in experimental models of low-dose
endotoxemia [5]. Similarly, our findings are supported by
previous observations in BALF of patients with severe
pneumonia requiring mechanical ventilation. Gunther and
colleagues [6] described a twofold increase in the mag-
nitude of procoagulant activity of subjects with respira-
tory failure attributed to severe pneumonia compared to
control subjects. This increase was linked exclusively to
the activation of the extrinsic coagulation pathway as was
evidenced by an increase in tissue factor and factor VII
activities [6, 16]. Although we have not elucidated the
pathway by which the increased coagulation has occurred,
clinical evidence for the role of tissue factor in BALF
coagulation is derived from studies in which inhibition of
the tissue factor/factor VII pathway inhibited thrombin
generation and fibrin deposition [17].

We observed a persistent elevation in thrombin-anti-
thrombin complex levels in those who received inade-
quate antimicrobial coverage despite antibiotic adjust-
ment. The increased fibrin deposition is thought to be
related to either enhanced procoagulant, decreased fi-
brinolysis, or both. We found a persistent depression of u-
PA levels starting with the occurrence of VAP and lasting
across the period of the study irrespective of the change in
the antibiotic treatment. We attribute the absence of sig-
nificant variability to the complex interaction of u-PA
with its receptor. A recent experimental study in murine
model suggested that the net balance of unoccupied u-PA
receptors is the one responsible for inflammatory cell
recruitment into the lungs during pneumonia [18]. By
comparison, PAI-1 concentrations in the BALF of pa-
tients who received inadequate antimicrobial treatment
reached a peak on the fourth day of VAP and then de-
clined gradually without, however, returning to control
levels. A similar trend was also observed in a recent study
that documented a suppressed fibrinolytic activity in the
alveolar space of patients with VAP [18]. In a similar
design, Shultz and colleagues [19] noted that the diag-
nosis of VAP was preceded by a decrease in fibrinolytic
activity in bronchial lavage which appeared to be caused
by a marked increase in levels of PAI-1. The significance
of these findings is highlighted by the increased mortality
in patients with sepsis with elevated PAI-1 activity [20,
21]. Our results suggest this potential association but are
not conclusive because the study was not adequately
powered to investigate this association.

As a result of the homeostatic imbalance, deposition of
intra-alveolar fibrin may well contribute to the poor gas
exchange seen in those who received inadequate treat-
ment. Fibrin has been shown to impair surfactant function
by incorporating the lipophilic surfactant components into
the fibrin clot [22]. The loss of the surfactant properties

leads to alveolar instability and increased shunt fraction
across the pulmonary vasculature. While this phenome-
non could be transient in nature, the accumulation of fi-
brin may lead to enhanced local inflammation which
might, at least in the initial phase of the lung injury, play a
positive role in pulmonary host defense. If persistent,
however, the inflammatory process could overwhelm the
homeostatic balance resulting in spill over to the systemic
circulation. This sequence could potentially initiate the
sequence of multiorgan system failure. Although these
findings may be nonspecific, the elevated thrombin-anti-
thrombin complexes in those who died support this hy-
pothesis. However, more clinical studies are needed to
confirm this theory.

Potential limitations worth of consideration include the
higher severity of illness in those who received inade-
quate antimicrobial therapy that might account for the
advanced homeostatic disturbances in this group of
patients. The absence of significant difference in the co-
agulation/fibrinolytic parameters on admission argues,
however, against this possibility. Second, the sample size
was relatively small given the difficulty of enrolling and
retaining critically ill patients enrolled for the duration of
the study. This limitation should be considered when in-
terpreting the relationship between BALF PAI-1 levels
and outcome. Third, we did not measure the changes in
plasma levels of corresponding homeostatic indices over
the duration of the trial. However, previous studies have
demonstrated lung compartmentalization with regard to
both to inflammatory cytokines production [23] and
thrombin generation [6, 19] with minimal or no changes
in plasma. Third, our results cannot rule out a possible
relationship between the virulence of the infectious agents
and the degree of activation of the coagulation disorders
in the alveolar space. Further studies are needed to elu-
cidate the role of bacterial-specific antigens and the co-
agulation cascade.

Conclusion

Our prospective temporal evaluation of the intra-alveolar
homeostatic balance in patients with VAP revealed a
procoagulant shift along with depression of fibrinolysis,
most notably in patients who received inadequate anti-
microbial coverage. The extent of fibrin deposition was
correlated with the severity of hypoxemia observed in
clinical trials of VAP patients with poor outcome. Further
studies are needed to determine whether local control of
thrombin generation or enhanced fibrin degradation
would translate into improved outcome.
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