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Abstract: Achieving haemostasis and, simultaneously, preventing venous thromboembolism (VTE) in 
the perioperative and critical care setting is challenging. Although the traditional coagulation parameters, 
including international normalised ratio (INR), activated partial thromboplastin time (aPTT) and platelet 
count, are important, evidence suggests that far more subtle aspects of platelet dysfunction may occur 
without antiplatelet therapy, and play a pivotal role both in critical bleeding and the pathogenesis of VTE. 
With advances in our ability to measure platelet activity and function beyond platelet count alone, we are 
making substantial progress in our understanding of how and when platelets interact and cross-talk with 
coagulation factors to achieve haemostasis and, conversely, contribute to the development of VTE after 
major surgery or trauma. With the ability to quantify the ability of platelets to aggregate, it is clear that 
platelet function tests have the potential to assist prediction of bleeding after cardiac surgery, especially 
for those who are treated with P2Y12-blockers. In addition, unregulated platelet activation or, conversely, 
platelet dysfunction in the absence of antiplatelet therapy, is increasingly being recognised as one of the key 
missing elements in the pathogenesis of VTE or critical bleeding, respectively. Our current understanding 
of the coagulation system—in particular the significance of platelet dysfunction and activation—may not be 
adaptive to benefit survival in all patients, especially after traumatic brain injury (TBI). Indeed, cardiolipin 
release from damaged neuronal mitochondria into the systemic circulation may explain why coagulopathy 
after TBI is associated with increased VTE instead of bleeding. Similarly, in patients with acquired 
coagulopathy due to liver disease, sepsis or trauma, excessive platelet activation has been observed explaining 
why these patients are not immune to developing VTE and, hence, VTE prophylaxis is still needed. While 
many drugs can inhibit platelet function through one of the three major platelet activation pathways—
cyclooxygenase/thromboxane A2, P2Y12-ADP and thrombin—currently we do not have many interventions 
that can improve platelet function. Recent evidence suggested that an antioxidant polyphenol, resveratrol, 
may improve platelet function by reducing apoptosis and improving platelet mitochondrial function. We are 
now entering the exciting stage of precision-medicine in the area of coagulation in perioperative and critical 
care. Ultimately, we would be able use information beyond abnormal platelet count, INR and aPTT to guide 
platelet transfusion including withholding unnecessary platelet transfusion, and also avoid omission of VTE 
prophylaxis in the critically ill.
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Background

Approximately 1×1011 platelets are produced by the 
cytoplasmic fragmentation of megakaryocytes each day (1).  
It has been argued that platelets—in many ways—behave 
more like cells than fragments. Studies suggest that 
thrombopoiesis can occur in the circulation, and platelets 
are capable of turning buds and extrusions into pro- 
and then pre-platelets, a process not normally expected 
for a simple cell fragment (2). Platelets can produce 
phospholipid microvesicles (100–1,000 nm), also called 
platelet microparticles (PMPs) or extracellular vesicles, with 
the stimulation of thrombin, collagen, or high shear stress 
with turbulent blood flow and during the apoptosis process. 
Unlike microparticles secreted by other cells, PMPs are not 
released through exocytosis, and have the distinct property 
of expressing the same antigens as the (parent) platelets 
(2). In addition, platelets can sense injured vascular sub-
endothelium structures or infectious pathogens and respond 
to soluble molecules—including thrombin or thrombin-
derived peptides—or bind to pathogens, either directly 
or indirectly, as immune complexes with antibodies or 
complement factors (2,3). Platelets are considered as one 
of the most short-lived ‘cells’ in human by a process called 
senescent platelet death (or apoptosis by others) that is 
highly regulated by intra-platelet signalling mechanisms 
(2,4) through thrombin activation (5), resulting in release 
of PMPs (6). Functionally, platelets play a pivotal role to 
control bleeding by adhering to an injured vessel wall and 
activating the coagulation factors. 

Achieving haemostasis and, simultaneously, preventing 
arterial and venous thromboembolism (VTE) in the 
perioperative and critical care setting is challenging. 
With advances in our ability to measure platelet activity 
and function beyond platelet count alone, we are making 
substantial progress in our understanding of when and 
how platelets interact and cross-talk with the coagulation 
factors to achieve haemostasis and, conversely, contribute 
in the development of thrombosis after major surgery and 
trauma. In addition, platelets are increasingly recognized 
to play a role, as well as being affected by a variety of 
pathophysiological processes including inflammation and 
host defence (7). In this narrative review, we aimed to 
summarize the significance of platelet dysfunction and 
the possible roles of measuring platelet function in the 
perioperative and critical care setting.

Current state of managing platelet transfusion & 
function 

To a large extent, bleeding and thrombosis are the 
different sides of the same coin. Current transfusion and 
thromboprophylaxis guidelines, including the National 
Blood Authority critical bleeding management tool, 
recommended platelet transfusion and withholding 
anticoagulants using a certain platelet count threshold in 
an attempt to reduce bleeding and unnecessary platelet 
transfusion (8-10). These guidelines stated that these 
recommendations were based on weak evidence with 
an emphasis that more research is needed. The obvious 
evidence gap in these guidelines is whether the platelet 
function—beyond the count alone—has any important 
clinical relevance and, therefore, should be considered in 
the medical decision-making in perioperative medicine.

Our understanding of  p late let  phys io logy has 
dramatically improved in the last few decades, primarily 
driven by the need to support the advances in percutaneous 
cardiac interventions. It is clear now that platelet activity 
or function cannot be considered as an “all or none” 
phenomenon. Three distinct major platelet activation 
pathways are well established (7,11), and each of these can 
be specifically inhibited by an antiplatelet agent, so much 
so that it is not rare to have patients treated with dual 
antiplatelet therapy (DAPT) and, in some acute cardiac care 
situations, even triple antiplatelet therapy. There is strong 
evidence to support such approach in reducing in-stent 
thrombosis and subsequent acute coronary events, especially 
when reperfusion is not satisfactory (12). More interestingly, 
large randomised controlled trials (RCTs) showed that 
aggressive DAPT or triple therapy can also have an 
‘antiplatelet intensity-related’ protective effect on VTE (12), 
confirming the pivotal role of platelets in the pathogenesis 
of both venous and arterial thrombosis. Nevertheless, there 
is also a problem of variability in the pharmacokinetics 
and pharmacodynamics of anti-platelet therapy between 
individuals (e.g., aspirin resistance and clopidogrel CYP-
2C19 enzyme pharmacogenomic poor-metaboliser in 30% 
and 40% of the population, respectively) (13). This has led 
to widespread use of platelet function testing in an attempt 
to individualise antiplatelet therapy, by adjusting the dose or 
type of antiplatelet drug between different patients as well 
as within the same individuals over the time, in cardiology 
practice.
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Counterintuitive results of the antiplatelet 
therapy and platelet transfusion trials in the 
perioperative and critical care setting

Traditionally, most clinicians would rely on how long a 
patient has stopped taking antiplatelet therapy as a way 
to determine the degree of residual antiplatelet effect 
that may still exist, and whether the patient would be safe 
to undergo invasive procedures. Two recent landmark 
studies have challenged the validity of this simple intuition. 
The ATACAS RCT involving 2,100 patients tested the 
hypothesis that a single-dose of preoperative aspirin 
before coronary artery surgery would reduce a composite 
endpoint of death and thrombotic complications (non-
fatal myocardial infarction, stroke, pulmonary embolism, 
renal failure, or bowel infarction) within 30 days after 
surgery. This trial did not find any significant differences 
in all clinical outcomes between the placebo and aspirin 
groups (14). The second study assessed the hypothesis that 
platelet transfusion for patients who were taking aspirin 
before haemorrhagic stroke could limit the extension of 
cerebral haemorrhage with better neurological outcomes. 
Surprisingly, the odds of death or dependence at 3 months 
were actually higher in the platelet transfusion group than 
in the standard care group (adjusted common odds ratio 
2.1, 95% CI: 1.2–3.6; P=0.01) (15). In addition, 40 (42%) 
participants who received platelet transfusion had a serious 
adverse event during their hospital stay, compared to only 
28 (29%) who received standard care. The ‘empirical’ 
nature of initiating an antiplatelet agent or platelet 
transfusion—without considering whether significant 
antiplatelet therapeutic effect already existed—could at 
least in part explain the rather counterintuitive results of 
these two landmark trials. Theoretically, we would like to 
know that both groups were well-balanced in their degree 
of platelet inhibition (by a platelet function analyser) at 
baseline; and in retrospect, platelet transfusion should only 
be reserved for those with a certain degree of antiplatelet 
activity on board at the time of stroke, instead of assuming 
that any patients who had been taking aspirin within 7 days 
of stroke would benefit from platelet transfusion without 
harms. 

Viscoelastic blood tests in perioperative and 
critical care setting

Whole-blood viscoelastic blood tests are increasingly 
used to assess bleeding risk and guide transfusion in 

the perioperative and critical care setting (16-19). The 
initial clotting time (CT) on ROTEM® (or r-time on 
the thromboelastography®) is useful to detect the effect 
of unfractionated heparin (UFH) or low-molecular-
we ight-hepar in  (LMWH) or  coagu la t ion  f ac tor 
deficiency, while the maximum clot firmness (MCF) or 
maximum amplitude (MA) is more useful to delineate 
platelet activity or fibrinogen effect on the ROTEM® 
or thromboelastography®, respectively. The evidence to 
support their role, in particular the MCF or MA (17), to 
guide transfusion in cardiac surgery as well as to assess 
thrombotic risk (20) is gathering strength, and has now 
been incorporated in some official perioperative and critical 
care transfusion guidelines (18,21).

It is, however, important to understand the limitations 
of viscoelastic tests. These may include: (I) it does not 
detect the effects of hypothermia on coagulation factors 
activities and platelet dysfunction (as the sample is usually 
measured at 37 ℃); (II) it does not measure the effects of 
hypocalcaemia on clot strength and platelet function when 
citrated blood samples are used for analysis; (III) it does not 
measure platelet adhesion (e.g., von Willebrand disease) or 
platelet aggregation problems (including the thrombotic 
risk of microangiopathic thrombotic (22), and—most 
important of all—it does not detect the effects of aspirin 
and clopidogrel in cardiac surgical patients (unless a TEG® 
Platelet Mapping module is used), because the activator 
used in viscoelastic tests would generate enough thrombin 
to activate phospholipase C (the dominant platelet 
activation pathway) overriding the inhibition of minor 
platelet activation pathways through the P2Y12 receptors and 
cyclooxygenase-1 (23). As such, whole-blood viscoelastic 
blood tests cannot be considered as the ‘panacea’ in the 
management of haemostasis and thrombosis and should also 
be used in conjunction with full blood count, coagulation 
blood tests and possibly also platelet function tests (23). 

Platelet function tests in perioperative and 
critical care setting

Excessive platelet activation (which may result in increased 
thromboembolism) can be implied by a number of platelet 
bioassays. These platelet-related assays and biomarkers are 
primarily used for research purposes currently and hence, 
we will not discuss their utility further in this review. 
Interested readers can refer to some of other reviews on 
this topic (24-26). Conversely, platelet function analysers 
that can detect suboptimal platelet function or effect of 
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antiplatelet agents are much more widely used in a clinical 
environment. These platelet function analysers can be 
broadly divided into measuring the overall platelet function 
or the integrity of a specific platelet activation pathway. The 
most important limitation for almost all of these analysers 
is that the findings can be affected by thrombocytopenia 
and hence the results must be interpreted with the platelet 
count. The principles behind these analysers, their possible 
applications and limitations are summarised in Table 1 
(23,27-29).

Platelet function tests in cardiac and non-cardiac surgery

Cardiac surgical patients are often treated with one or more 
antiplatelet agents before surgery, and bleeding requiring 
blood product transfusion is common. The use of platelet 
function test, in both preoperative and postoperative 
periods, to predict blood loss and transfusion requirements 
in cardiac surgery has been reported by a number of 
studies. While heterogeneity between multiple small studies 
(n<200 in most studies) exists, there is a reasonable signal 
to suggest that quantitative assessment of preoperative 
platelet inhibition (or dysfunction) has an association with 
perioperative blood loss and risk of requiring allogeneic 
blood transfusion [platelet function analyzer (PFA): area 
under the receiver-operating-characteristic curve (AUROC) 
0.66; multiple electrode aggregation (MEA): AUROC 0.64–
0.77] (30). 

In addition, there is also a signal to suggest that there is a 
quantitative relationship between the risk of severe bleeding 
after cardiac surgery and the degree of platelet inhibition 
by ADP-blockers (31) (Figure 1). Although using platelet 
function assessment to assess risk of bleeding appears 
promising, there is substantial uncertainty about its utility, 
in particular whether only one, two or all three platelet 
activation pathways are equally important in determining 
perioperative blood loss and transfusion. Currently, 
platelet function test has been recommended (class II-b 
recommendation, grade-b evidence derived from a single 
randomized clinical trial or large non-randomized studies) 
by the European Association for Cardio-Thoracic Surgery 
(EACTS) and the European Association of Cardiothoracic 
Anaesthesiology (EACTA) to guide timing of cardiac 
surgery if patients are treated with DAPT or P2Y12  
blockers (32). Because most existing studies are relatively 
small, whether platelet function test can be used to predict 
blood loss and transfusion accurately, and hence can be 
used to guide platelet transfusion when bleeding occurs 

remains scientifically unproven. Although it makes clinical 
sense, the validity of using platelet function tests to guide 
timing of other invasive procedures, including epidural 
catheter insertion or neurosurgical procedures (33,34), in 
anaesthesia and perioperative medicine has also yet to be 
firmly supported by high-grade evidence.

Despite the promising hypothetical reasons to measure 
and optimize platelet function in both cardiology and 
cardiac surgical studies, the evidence to demonstrate the 
benefits of platelet function tests remains elusive (30,35). 
There are a few reasons why it is premature to abandon 
platelet function test in cardiac surgery completely. In 
the first instance, many studies have only assessed one 
specific type of platelet function analyser; it is possible 
that the other platelet function analysers may be better 
under different circumstances. Second, although still not 
completely proven, preliminary data suggests that platelet 
function test (supplemented by a viscoelastic test) may play 
a more important role to rationalize the choice of blood 
products during the period of active bleeding (36), when 
international normalised ratio (INR), activated partial 
thromboplastin time (aPTT), fibrinogen concentration and 
platelet count all relatively normal and the cause of ‘medical 
bleeding’ is uncertain. Third, platelet function test may also 
be considered in some special situations when any avoidable 
causes of bleeding or transfusion should be minimised, 
including those with difficulties in cross-match due to 
antibodies, and people who would not accept any form of 
allogeneic transfusion for a variety of reasons. Finally, it is 
most likely that platelet function test may be more accurate 
in predicting blood loss and transfusion in emergency 
cardiac surgical care or for those who are only treated 
with an antiplatelet agent stronger than aspirin alone (e.g., 
on clopidogrel or DAPT) and thus more indicated in 
emergency cardiac surgery when DAPT cannot be ceased 
prior to surgery (32). Indeed, the most promising studies 
on use of platelet function test to predict cardiac surgical 
bleeding appeared to involve primarily patients who were 
treated with ADP blockers or thienopyridines (37,38).

Improving platelet function during the perioperative 
period

While many drugs can inhibit platelet function through 
one of the three major platelet activation pathways 
(cyclooxygenase/thromboxane A2, P2Y12-ADP and 
thrombin), currently we do not have many interventions 
that can improve platelet function. Resveratrol, a 
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polyphenol with strong antioxidant properties, is commonly 
found in plants and plant products such as berries, grapes 
and red wine (~14 mg/L). Its actions on sirtuins (silent 
information regulator—SIRT1, SIRT3, and SIRT4) gene 
expression is similar to caloric restriction, resulting in 
activation of telomerase to maintain telomere length (39). 
It is increasingly consumed as a nutritional supplement 
for cardiovascular, metabolic, and possibly anti-ageing 
benefits (39,40). In a large number of small-animal studies, 
intraperitoneal resveratrol administration has been shown 
to restore SIRT1 activity, attenuate hepatocyte injury, 
improve cardiac contractility, and ameliorate hypoxia-

induced liver and kidney mitochondrial dysfunction 
following haemorrhagic injuries (41). A recent human in-
vitro study showed that resveratrol can preserve function of 
stored platelets by improving mitochondrial function and 
reducing apoptosis (42).

Using a double-blinded RCT design in a large animal 
(greyhound) model, our recent work showed that use of 
oral micronized resveratrol (10 mg/kg/d) for 1 week was 
associated with a substantial improvement in the animals’ 
tolerance to development of shock, requiring a much larger 
volume of haemorrhage to induce mean arterial blood 
pressure <40 mmHg compared to controls (67 vs. 51 mL/kg,  
Δ =16 mL/kg, 95% CI: 10–21) and there were significant 
improvement in platelet activity [measured by the maximal 
clot firmness (MCF) by the rotational thromboelastometry—
ROTEM®] and thrombin generation (43) (Figure 2). 

In addition, small phase-I human trials involved patients 
with colorectal cancer with hepatic metastases scheduled 
to undergo hepatectomy and colonic cancers preparing for 
surgery, oral resveratrol (at 5 and 1 g/d for 14 days before 
surgery, respectively) was well tolerated and associated 
with an increase in tumour apoptosis and a reduction in 
tumour proliferation (44,45). Therefore, there is a clinical 
need to confirm the potential benefits of resveratrol on 
coagulation by a phase II clinical trial before it can be tested 
as a perioperative therapy to prevent cancer recurrence in 
subsequent phase III cancer surgery trials.

Platelet dysfunction and thromboembolism in 
the critically ill

Cardiolipin release, platelet dysfunction and coagulopathy 
after traumatic brain injury (TBI)

TBI is a leading cause of death and disability in young 
people and accounts for approximately one-third of all 
trauma-related deaths. Coagulopathy is common in TBI and 
associated with poor clinical outcomes but the underlying 
pathogenesis remains poorly understood (46). Recent 
studies clearly showed that inhibition of platelet, in one 
or more of the three activation pathways, is common after 
severe TBI (47,48); and the degree of platelet dysfunction 
bears a quantitative relation with the severity of TBI in the 
absence of haemorrhagic shock or multisystem injury and 
antiplatelet therapy. 

Cardiolipin is an anionic phospholipid primarily located 
in the leaflet of inner mitochondrial membrane of all cells 
and plays an important role in maintaining mitochondrial 

Figure 1 Relationship between risk of severe bleeding and degree 
of platelet P2Y12 inhibition.

Figure 2 Changes in thrombin generation with and without 
resveratrol pre-treatment before development of haemorrhagic 
shock in dogs.
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membrane fluidity. It regulates various mitochondrial 
processes including electron transport chain and 
programmed cell death (49). Cardiolipin maintains brain 
homeostasis, hence any alteration of its chemical structure or 
decrease in overall levels are implicated in the pathogenesis 
of various neurodegenerative diseases like Alzheimer’s and 
Parkinson’s’ disease. Recent experimental study using a 
murine TBI model showed that cardiolipin release from 
the brain could cause disruption of blood-brain-barrier and 
systemic and consumptive coagulopathy through activation 
of platelets (50-52). However, there are hardly any human 
clinical studies available that systematically investigated 
the effects of cardiolipin on coagulation, including its 
relationship to platelet dysfunction, after TBI. In addition, 
whether cardiolipin release leading to excessive platelet and 
thrombin activation is related to a reduction in plasma anti-
thrombin levels (53,54)—which determines effectiveness of 
both UFH and LMWH—is also unknown. Understanding 
the mechanisms behind the development of TBI-induced 
coagulopathy is paramount to test and develop appropriate 
strategies to manage thrombocytopenia, in terms of 
platelet transfusion and thromboprophylaxis, after severe 
TBI. Further studies are therefore needed to determine 
whether the thrombocytopenic state after TBI is indeed 
prothrombotic, pro-bleeding, or both—changing with the 
time course of the disease. 

Relationship between VTE and activation of platelets in 
patients with acquired coagulopathy 

Acquired coagulopathy with thrombocytopenia, prolonged 
INR or aPTT is common in the perioperative setting. Yet, 
despite their underlying apparent bleeding propensity, 
the risk of thrombosis is high (55,56). In patients with 
chronic liver diseases, platelets appear to play a pivotal 
role in inducing both bleeding and thrombosis (57). In 
patients with coagulopathy in the perioperative setting 
(e.g., surgical emergencies and trauma) without chronic 
liver diseases, the contrition of excessive activation of 
platelets to development of bleeding requiring transfusion 
or thromboembolism is largely unknown. As such, the 
optimal haemostatic management including whether 
platelet transfusion is contraindicated for such patients 
remains highly controversial, and is one of the most 
important unanswered questions in VTE prophylaxis. Our 
recent work suggests that an increased clot strength on 
whole-blood viscoelastic test is associated with an increased 
risk of thromboembolic diseases in a variety of clinical 

situations (20), including patients with a prolonged INR or 
aPTT. We also found that excessive platelet activation in 
patients with acquired coagulopathy is associated with an 
increased risk of subsequent risk of clinical thromboembolic 
events (manuscript in preparation), consistent with the 
other evidence supporting the pivotal role of platelet in 
both arterial and venous thrombosis (12). In contrast to 
whole-blood viscoelastic tests, the currently available 
platelet function analysers are not useful to identify which 
patients at increased risk of thromboembolic events—
with the exception in patients with heparin-induced 
thrombocytopenia syndrome (HITS) (58).

Conclusions and future research direction

Platelets are now known to process a variety of different 
physiological roles other than haemostasis alone, even 
though this latter function will remain as the main focus for 
most critical care physicians (2). Coagulation is an important 
area of perioperative and critical care medicine; and it 
is clear that the current practice of using platelet count 
and standard coagulation parameters alone to determine 
bleeding and thrombotic risk is inadequate, resulting in both 
false positives and negatives with important patient outcome 
and financial implications compared to in combination 
with viscoelastic and platelet function tests (15,16,59-61). 
Advances in quantitative assessment of platelet activity and/
or function have allowed us to assess not only the effects 
of antiplatelet therapy, but also demonstrate the existence 
of platelet dysfunction without antiplatelet therapy in 
patients with severe TBI which has prognostic significance 
(46,52,62). Cardiolipin release from the brain appears to 
be responsible for the circulating microparticles that can 
explain why coagulopathy and thrombosis may coexist in 
patients with severe TBI; and excessive platelet activation 
in response to trauma and sepsis contribute to a high risk of 
thrombosis despite thromboprophylaxis in these patients (6). 

Current evidence suggests that platelet function 
tests may assist clinicians in predicting their risk of 
bleeding especially in cardiac surgical patients treated 
preoperatively with thienopyridines, and platelet function 
may be improved using antioxidant polyphenol. Many 
of these hypotheses and emerging evidence do need 
further confirmation by adequately-powered phases II 
and III clinical trials. We are now entering the exciting 
stage of precision-medicine in the area of coagulation 
in perioperative and critical care (28). Ultimately, we 
would be able to use individualised-patient information—
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beyond abnormal platelet count, INR or aPTT alone—
to avoid unnecessary platelet transfusion and omission of 
anticoagulant VTE prophylaxis in the critically ill.
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