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Background. Aging-related changes in platelet and monocyte interactions may contribute to adverse outcomes in sep-
sis but remain relatively unexamined. We hypothesized that differential platelet—-monocyte aggregate (PMA) formation in
older septic patients alters inflammatory responses and mortality.

Methods. We prospectively studied 113 septic adults admitted to the intensive care unit with severe sepsis or septic
shock. Patients were dichotomized a priori into one of two groups: older (age > 65 years, n = 28) and younger (age <
65 years, n = 85). PMA levels were measured in whole blood via flow cytometry within 24 hours of admission. Plasma
levels of IL-6 and IL-8, proinflammatory cytokines produced by monocytes upon PMA formation, were determined by
commercial assays. Patients were followed for the primary outcome of 28-day, all-cause mortality.

Results. Elevated PMA levels were associated with an increased risk of mortality in older septic patients (hazard ratio
for mortality 5.64, 95% confidence interval 0.64-49.61). This association remained after adjusting for potential con-
founding variables in multivariate regression. Receiver operating curve analyses demonstrated that PMA levels greater
than or equal to 8.43% best predicted 28-day mortality in older septic patients (area under the receiver operating curve
0.82). Plasma IL-6 and IL-8 levels were also significantly higher in older nonsurvivors. In younger patients, neither PMA
levels nor plasma monokines were significantly associated with mortality.

Conclusions. Increased PMA formation, and associated proinflammatory monokine synthesis, predicts mortality in
older septic patients. Although larger studies are needed, our findings suggest that heightened PMA formation in older

septic patients may contribute to injurious inflammatory responses and an increased risk of mortality.
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ACTERIA, bacterial toxins, and host agonists in the

septic milieu activate platelets, leukocytes, and other
circulating hemostatic and immune cells (1). Activation
of these cells leads to injurious thrombo-inflamma-
tory responses, including upregulation of inflammatory
monokines, the release of platelet proteins (eg, platelet
factor 4, P-selectin), and enhanced platelet—-monocyte
aggregation (PMA). These responses contribute to the
pathophysiology of septic syndromes and the risk of organ
failure, lung injury, thrombosis, and death (2,3).

PMA formation is a sensitive marker of in vivo plate-
let activation (4,5) and is mediated via P-selectin trans-
located to the surface of the activated platelet (2). Upon
PMA formation, proinflammatory monokine synthesis is
upregulated (6), leading to imbalanced and inappropriate
systemic inflammatory responses. These pathways have
particular relevance in septic syndromes, where circulat-
ing agonists that activate platelets may result in enhanced
PMA formation and inflammation, contributing to adverse
outcomes.
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The incidence of sepsis increases with age, with more
than 60% of sepsis patients in the United States aged
65 years and older (7). Older septic patients also account
for more than half of all days spent in the ICU (8,9) and
are at higher risk of mortality from sepsis (7,10). Although
the presence of comorbid conditions may contribute to the
increased incidence and severity of sepsis in older patients,
aging is also associated with alterations in platelet—-mono-
cyte interactions and associate immune functions (11-13).
In older patients, platelets are hyperresponsive (14—-16) and
upon activation may more readily aggregate with or bind
to platelets, leukocytes, and endothelial cells. This binding
results in amplified inflammatory and thrombotic responses
in sepsis, potentially contributing to an excess risk of organ
failure, disability, and death (7).

In this study, we examined age-related associations
among PMA formation, proinflammatory gene synthesis,
and mortality in older and younger patients with severe sep-
sis and septic shock.

METHODS

Patients

The Institutional Review Board approved this study,
and all patients provided informed consent. Adults aged
18 years and older admitted to one of three ICUs with a
principal diagnosis of severe sepsis or septic shock (17)
were eligible for study participation. Patients were assigned
a priori to one of two groups: young (age < 65 years, n = 85)
and older (age > 65 years, n = 28). Although there remains
no precise age cutoff for older age and aging is a dynamic
process with substantial variation among individuals, this
assignment was chosen based on similar studies in the field
(10). Patients who had received platelet transfusions at any
point during their ICU course were excluded. Whole blood
was collected within 24 hours of ICU admission.

All septic patients were followed prospectively. Acute
physiology and chronic health evaluation I (APACHE 1)
scores were calculated upon study entry. The use of anti-
platelet agents was carefully recorded. All clinical labora-
tory tests were measured through a reference laboratory
according to established protocols and with appropri-
ate quality controls. Survival status at 28 days following
ICU admission, our primary endpoint, was captured pro-
spectively by structured telephone follow-up. Deaths that
occurred following hospital discharge, but before the 28-day
endpoint, were further confirmed by review of medical and
death records.

Flow Cytometry

Following informed consent, whole blood was care-
fully drawn into 8.6 mL sterile acid-citrate-dextrose (1.4
mL acid-citrate-dextrose/8.6 mL blood) Vacutainer tubes
(Becton Dickinson), inverted to ensure adequate mixing,

and transported at room temperature to the laboratory
within 30 minutes. The first 3 mL of blood was discarded,
and samples with gross hemolysis or clotting were not used.
Flow cytometry was performed using a FACScan Analyzer
(BD Biosciences) with CellQuest software for analysis
(Becton Dickinson) within 24 hours of fixation. The flow
cytometer was calibrated daily and cleaned carefully before
each sample acquisition. All antibodies were obtained from
BD Biosciences.

For detection of PMA formation, freshly drawn whole
blood (800 pL) was diluted in 2.4 mL HEPES Tyrode's
buffer. FACS buffer (5 mL, BD Biosciences) was added to
the blood for an additional 10 minutes at room tempera-
ture in the presence of CD41-phycoerythrin (a marker for
human platelets) and CD14—fluorescein isothiocyanate (a
marker for human monocytes), as described (5,18). The
sample was fixed by adding FACS buffer (800 pL, BD
Biosciences). Monocytes were selected by gating more than
or equal to 1,500 CD41* events on a two-parameter dot plot
displaying side scatter vs CD14—fluorescein isothiocyanate
(Supplementary Figure 1). Single platelets were excluded
using a combination of forward scatter and side scatter and
positive anti-CD14 fluorescence. Cells that stained double
positive for both CD41 and CD14 were counted to quantify
the percentage of monocytes with more than or equal to 1
adherent platelet.

Monokine Analysis

IL-6, IL-8, TNF-a, and IL-1f3, produced upon monocyte
activation and associated platelet-monocyte interactions
(6,19) (and R.C. Campbell, unpublished data), were meas-
ured on plasma from a subset of randomly selected patients
(n =25 older and n = 25 younger) where plasma was avail-
able, using the Luminex Profiling System (20). Plasma was
obtained from the same whole blood sample used for quan-
tification of PMA levels. Utilizing this assay, the normal
reference values for IL-6, IL-8, and TNF-a are 1.3 (+0.4),
3.7 (x0.4), 0.1 (£0.1) pg/mL, respectively.

Statistical Analyses

Continuous variables were first assessed for normal-
ity graphically and with tests of skew and kurtosis.
Comparisons between groups were made using parametric
two-tailed ¢ tests or the nonparametric Mann—Whitney U
test for continuous variables and the Pearson chi square
test or Fisher’s exact test for categorical variables. Logistic
regression analyses evaluated the association between
PMA levels (using PMA as a continuous variable) and
28-day mortality while controlling for the confounding
variables of APACHE II, shock, platelet count, and age.
Interaction analyses were used to further examine associa-
tions between PMA levels, age cohort (eg, <65 or 265), and
28-day mortality, using standard methods described pre-
viously (21). Briefly, PMA levels were dichotomized as
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above the mean (high) or below the mean (low). An inter-
action term was then created between the age cohort (older
or younger) and the dichotomized PMA levels and ana-
lyzed with regard to mortality status. Receiver operating
characteristic (ROC) analyses were conducted to examine
the performance of PMA levels in discriminating between
septic survivors and nonsurvivors in the two cohorts and
to determine the optimal cutoff value for PMA levels to
be used in remaining analyses with mortality outcomes.
In these ROC analyses, we plotted 28-day mortality as the
classification variable and PMA levels as the prognostic
variable. The cutoff prognostic value of PMA levels was
selected for a likelihood ratio between sensitivity and
1-specificity. Using this cutoff as a dichotomous variable
(0 = below cutoff and 1 = greater than or equal to cutoff),
Cox regression analyses were performed to examine the
contribution of PMA levels on 28-day mortality. Analyses
were performed using STATA program (version 11.0,
StataCorp, College Station, TX) and SPSS (version 18.0,
IBM, Armonk, NY). Significance was predetermined as
two-tailed p < .05.

RESsuULTS

We enrolled 113 septic patients during the period from
August 1, 2008 to July 31, 2010. There were no significant
differences between older and younger patients in APACHE
II score, gender, comorbidities, or platelet counts (Table 1).
Although a higher proportion of older patients had septic
shock on admission, this difference did not achieve statisti-
cal significance (53.6% vs 35.3%, p = .1). Consistent with
their increased incidence of shock, 28-day mortality was
also higher numerically in older patients (25.0% vs 16.5%,
p = .4). Ventilator-free days at 28 days were lower in older
patients (Table 1).

Univariate regression analyses demonstrated that PMA
levels in older septic patients significantly and positively cor-
related with 28-day mortality (Supplementary Table 1). Other
usual predictors of mortality and potential confounding varia-
bles were also tested in stepwise, univariate regression models
of mortality. Admission APACHE II score trended toward an
association with mortality in older patients but did not reach
statistical significance. When controlling for these covariates
in a multivariate regression model of mortality, PMA levels

Table 1. Characteristics of the Study Cohorts

Septic Patients (n = 113)

Age 2 65 (n=28) Age <65 (n=285) p Value
Male, n (%) 15 (53.6) 30 (35.3) 119
Age (y) 75.5 (8.1) 43.4 (13.8) —
APACHE II 18.6 (4.9) 17.9 (7.2) 7136
Median (IQR) ICU LOS (d) 5(3,8) 9(5,22) 282
Severe sepsis, n (%) 13 (46.4) 55 (64.7) 119
Septic shock, n (%) 15 (53.6) 30 (35.3) 119
RBC transfusion®, n (%) 1(3.6) 6(7.1) 256
Ventilator-free days 3.7(0.72) 8.5(1.3) .027
28-d mortality, n (%) 7 (25.0) 14 (16.5) 401
Source of sepsisT
Pulmonary, n (%) 2(7.1) 44 (51.8) <.05
Bacteremia, n (%) 12 (42.9) 23 (27.1) .093
Genitourinary, n (%) 3(10.7) 8(9.4) 545
Intraabdominal/gastrointestinal, n (%) 2(7.1) 10 (11.8) 529
Skin/soft tissue, n (%) 1(3.6) 3(3.5) .686
Unknown, n (%) 12 (42.9) 17 (20.0) .018
Comorbid conditions/medications/labs
Diabetes, n (%) 8 (28.6) 16 (18.8) 294
CHE, n (%) 3(10.7) 2(2.4) .096
Active cancer, n (%) 4(14.3) 5(5.9) 222
CVD, n (%) 6(21.4) 8(9.4) 107
Aspirin®, n (%) 5(7.9) 2(2.4) .062
Platelet count, k/uL 179 (107) 180 (105) 944
WBC, k/uL 14.9 (5.8) 11.7 (5.9) .014
Hemoglobin, mg/dL 10.4 (1.5) 10.7 (2.1) .603
Fibrinogen, mg/dL 570 (214.5) 571.7 (207.1) 985
Serum creatinine, mg/dL 1.5(0.8) 1.4 (1.5) 322
Glucose, mg/dL 116.4 (40.6) 120 (38) 921

Notes: All values represent the mean + SD unless otherwise specified. APACHE = acute physiology and chronic health evaluation; CHF = congestive heart failure;
hs-CRP = high-sensitivity C-reactive protein; CVD = cardiovascular disease including stroke, transient ischemic attack, and myocardial infarction; IQR = interquar-
tile range; LOS = length of stay; NA = not applicable; NR = not recorded; Septic shock = hypotension requiring vasopressor support upon admission.

*Transfusion of 21 unit of packed red blood cells at any point during their ICU course.

Patients may have had >1 foci of infection; thus total numbers may exceed the number of patients in each cohort.

“Defined as taking aspirin at any dose as an outpatient, prior to ICU admission.
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remained significantly and positively correlated with mortal-
ity in older septic patients (Supplementary Table 1). There
were no significant differences in the distribution of diabe-
tes, cardiovascular disease, or clopidogrel use or in admission
serum creatinine levels between older septic survivors vs non-
survivors (data not shown). In younger septic patients, PMA
levels were not significantly correlated with mortality in either
univariate or multivariate regression models. Rather, admis-
sion APACHE II score and the platelet count significantly cor-
related with mortality in younger patients.

PMA levels were approximately twofold higher in older
nonsurvivors compared with older survivors (Figure 1A). In
contrast, PMA levels did not differ between younger nonsur-
vivors and survivors (Figure 1A). Interaction analyses con-
firmed a significant interaction between higher PMA levels
and 28-day mortality in older, but not younger, patients
(Figure 1B). Specifically, as age and PMA increased (from
younger age to older age and from lower PMA levels to
higher PMA levels), 28-day mortality also increased.

ROC analyses demonstrated that PMA levels had excel-
lent performance for predicting 28-day mortality in older
septic patients (Figure 2A). In these older patients, a PMA
level greater than or equal to 8.43% provided the best per-
formance for discriminating between survivors and nonsur-
vivors. At this cutoff, the area under the ROC curve was
0.82 with a sensitivity of 83%, specificity of 68%, positive
likelihood ratio of 2.62, and negative likelihood ratio of
0.24. In contrast, PMA levels did not discriminate survivors
from nonsurvivors in younger septic patients (Figure 2B).

Using the threshold value of 8.43% identified in ROC
analyses, PMA levels were dichotomized in older septic
patients into two categories: low (PMA level <8.43%) and
high (28.43%). These cutoffs were then used in Cox propor-
tional hazard regression. Older septic patients with higher
PMA levels had almost a sixfold higher risk of mortality
(hazard ratio 5.64, 95% confidence interval 0.64-49.61;
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Figure 2C). PMA levels were not predictive of mortality
in younger septic patients (hazard ratio 0.89, 95% CI 0.30—
2.68; Figure 2D).

Plasma levels of IL-6 and IL-8, proinflammatory
monokines synthesized by monocytes upon platelet-
monocyte binding (22), were higher in older nonsurvivors
compared with survivors (Figure 3). The most significant
differences were observed with IL-8, which has previously
been reported as a predictor of 28-day mortality (23). In
contrast, in younger patients, IL-6 and IL-8 levels did not
differ significantly between survivors and nonsurvivors.
Plasma levels of TNF-a trended similarly but did not reach
statistical significance (data not shown).

DiscussioN

Aging has been associated with changes in platelet reac-
tivity and associated thrombo-inflammatory responses
(11,24-26). In sepsis, aging is also a significant risk fac-
tor for mortality (27). Although many of these age-related
changes remain incompletely characterized, interplay
between agonists or pathogens in the septic milieu and
hyperreactive platelets and monocytes may contribute to
impaired immunity and adverse clinical outcomes in older
septic patients (12,13).

Among these dysregulated cellular responses, platelet—
monocyte interactions have particular physiologic relevance
in sepsis. PMAs form in response to activating signals com-
monly present in the septic milieu and are a sensitive marker
of in vivo platelet activation (2,4,5,18,28). PMA formation
leads to increased proinflammatory monokines, amplifying
ongoing thrombo-inflammatory responses (6,29). Although
increased PMA levels are associated with adverse outcomes
in cardiovascular disease (30) and stroke (31), interactions
among PMA formation, age, and mortality in septic syn-
dromes have not been previously examined.
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Figure 1. Increased levels of platelet-monocyte aggregates (PMAs) in older patients correlate with a greater risk of mortality. (A) Levels of PMA in whole blood
were significantly higher in older, nonsurviving, septic patients (n = 7), compared with older, surviving, septic patients (n = 21, p < .05). PMA levels did not differ
between younger septic nonsurvivors (n = 71) and survivors (n = 14, p = NS). Values represent the mean = SEM. (B) Interaction analyses confirmed that higher PMA
levels in older septic patients were significantly associated with a greater risk of mortality (*p <.05). In younger septic patients, there was no significant interaction

between PMA levels and mortality.
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Figure 2. Receiver operating characteristic (ROC) analyses demonstrated that platelet-monocyte aggregate (PMA) levels in older septic patients were a sensitive marker
for subsequent mortality. (A) In older septic patients, a PMA level > 8.43% provided the best performance for discriminating between survivors and nonsurvivors. At this cut-
off, the area under the ROC curve was 0.82 with a sensitivity of 83%, specificity of 68%, positive likelihood ratio of (LR+) 2.62, and negative likelihood ratio of (LR-) 0.24.
(B) PMA levels were neither a sensitive nor specific marker of mortality in younger patients (area under the ROC curve 0.52, sensitivity 35% LR+ 1.15, specificity 69%,
LR-0.93). (C) In older septic patients, elevated PMA levels (PMA > 8.43%) were associated with almost a sixfold higher risk of mortality (hazard ratio 5.64, 95% confi-
dence interval 0.64-49.61). (D) In contrast, PMA levels were not associated with mortality in younger septic patients (hazard ratio 0.89, 95% confidence interval 0.30-2.68).

Our study suggests that increased PMA formation in
older, but not younger, septic patients correlates with 28-day
mortality. Although confidence intervals were wide, reflect-
ing the smaller sample size and greater variance common in
clinical studies, increased PMA levels in older septic patients
were associated with almost a sixfold higher risk of mortal-
ity. Moreover, in older patients, increased PMA levels more
strongly correlated with mortality than other traditional risk
factors, such as APACHE II or shock. Plasma levels of the
proinflammatory monokines IL-6 and IL-8 were also sig-
nificantly higher in older nonsurvivors. PMA formation in
older adults may lead to enhanced monokine synthesis in
older adults in vitro (M.T. Rondina, unpublished observa-
tions). IL-6 and IL-8 have correlated with adverse outcomes
in sepsis (23,32,33) and in older adults (34). Thus, taken
together, our findings support the supposition that PMA for-
mation and subsequent downstream monokine synthesis in
older adults may contribute to dysregulated inflammatory
syndromes and adverse clinical outcomes.

The strengths of this study include its prospective design,
the large number of patients enrolled for a study of this
nature, and the comprehensive assessment of in vivo PMA
formation and plasma monokine levels. To our knowledge,

this is the only prospective clinical study to examine inter-
actions between PMA levels, age, and clinical outcomes in
septic syndromes. Exclusion of patients who received plate-
let transfusions eliminates a potential source of confound-
ing. There are several limitations to the study. Although the
overall sample size (n = 113 patients) was large for studies
of this nature, the number of older nonsurvivors was rela-
tively small, leading to wider confidence intervals. In this
aspect, larger studies are needed to confirm our findings.
Nevertheless, despite this sample size of older nonsurvivors,
the effect size was large (approximately sixfold higher risk
of mortality) and remained after controlling for confound-
ing variables. Our study population also included a small
number of patients prescribed aspirin prior to admission
(n = 7/113, 6.2%). Nevertheless, we do not feel that this
aspirin use was a significant limitation. PMA formation
is not dependent on the cyclooxygenase pathway and is
unaffected by aspirin therapy (35). In addition, when we
excluded these seven patients from our analyses, correla-
tions between high PMA levels and mortality in older septic
patients persisted, although the effect was attenuated due to
the smaller sample size (odds ratio 2.91, 95% confidence
interval 0.32-26.3).
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Figure 3. Proinflammatory plasma monokines were higher in older septic nonsurvivors compared with survivors. Plasma levels of IL-6 and IL-8, which are
commonly synthesized upon platelet—-monocyte aggregate (PMA) formation, were determined from the same blood sample used for PMA measurements by flow
cytometry. (A) In older septic patients, levels of IL-6 and IL-8 were higher in nonsurvivors compared with survivors. (B) In comparison, in younger septic patients,
levels of IL-6 and IL-8 were not significantly different between survivors and nonsurvivors. The solid bar shown represents the median value (**p <.05).

Althoug it is plausible that increases in PMA only reflect
illness severity and do not contribute to proinflammatory
responses, we feel this is unlikely. APACHE II scores, the
presence of shock, red blood cell transfusions, and platelet
counts did not differ significantly between older and younger
patients, suggesting that our findings were not solely due
to differences in illness severity, transfusions, or circulat-
ing platelets. Moreover, in multivariate regression analyses
controlling for potential confounders, PMA levels remained
a predictor of mortality in older, but not younger, septic
patients.

In prior studies, total and differential WBC counts
positively associated with age, contributing to differen-
tial cytokine synthesis (36). Similarly, total WBC counts
in our septic patients (n = 113) also correlated with age
(B-coefficient 0.89, p = .002). We did not record differential
WBC counts nor did we perform characterization of mono-
cyte subtypes or intracellular cytokine staining. These, and
other, future studies are needed to further dissect mecha-
nisms regulating these responses in older adults.

In conclusion, PMA levels in older septic patients upon
ICU admission correlate strongly with mortality risk and
may be a novel marker of mortality risk in older septic
patients. As these differences were not seen in younger
patients, we hypothesize that aging-related changes in

PMA formation and proinflammatory monokine synthesis
may contribute to the higher risk of adverse outcomes in
older septic patients. These data provide new evidence that
aging may alter normal platelet and monocyte responses,
contributing to injurious thrombotic and inflammatory
syndromes.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/
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