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Introduction: Platelet dysfunction and cardiovascular risk are well-recognized features of chronic kidney

disease (CKD). Platelets drive the development and progression of cardiovascular disease (CVD). The

relationships between kidney function, platelet activity, and cardiovascular risk are poorly defined.

Methods: We compared platelet activity and incident cardiovascular events by CKD status (estimated

glomerular filtration rate [eGFR] < 60 ml/min per 1.73 m2) using data from the Platelet Activity and Car-

diovascular Events study, a prospective cohort study that enrolled adults with peripheral artery disease

(PAD) undergoing lower extremity revascularization. Platelet activity was measured using light trans-

mission aggregometry (LTA) in response to submaximal dose agonist stimulation, and the subjects were

followed for incident adverse cardiovascular events for a median of 18 months.

Results: Overall, 113 of 285 (40%) subjects had CKD. Subjects with, versus without, CKD had higher

platelet aggregation in response to stimulation with adenosine diphosphate (ADP), serotonin, epinephrine,

and arachidonic acid (AA) þ ex vivo aspirin (P < 0.05 for each). Following multivariable adjustment,

subjects with CKD had elevated risk for myocardial infarction (MI) (adjusted hazard ratio 2.2, 95% confi-

dence interval [1.02–4.9]) and major adverse cardiovascular events (MACE) (1.9 [1.2–3.3]) compared to

those without CKD. Platelet aggregation in response to submaximal dose agonist stimulation mediated 7%

to 26% of the excess risk for cardiovascular events associated with CKD.

Conclusion: Among subjects with PAD undergoing lower extremity revascularization, CKD is associated

with increased platelet activity that mediates, in part, elevated cardiovascular risk.
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C
KD is associated with accelerated atherosclerosis
and increased cardiovascular risk.1 Patients with

CKD are more likely to suffer cardiovascular events than
progress to end-stage kidney disease (ESKD).2,3 PAD is
highly prevalent in the CKD population, and is itself
associatedwith significant cardiovascularmorbidity and
mortality.4,5 Patients with comorbid PAD and CKD are at
greater risk for cardiovascular events and death than
those with either disease alone.6-8

Platelets mediate inflammation and thrombosis,
thereby driving the progression of CVDs, including
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PAD.9,10 Platelet activation is crucial to both chronic
atherogenesis and acute thrombosis.11,12 Clinical evi-
dence suggests that platelet activation increases with
degree of kidney impairment.13,14 In experimental
models, heightened platelet reactivity in CKD has been
associated with thrombogenicity.15 In individuals with
coronary artery disease, elevated platelet reactivity
during treatment with antiplatelet agents is more
frequently observed in those with CKD.16-19 Never-
theless, the platelet phenotype in CKD is a source of
conflicting and indeterminate clinical influence.20-23

Better characterization of the relationships between
kidney function, platelet activity, and cardiovascular
risk would facilitate improved clinical management of
individuals with CKD.

We hypothesized that prevalent CKD is associated
with elevated platelet activity and increased cardio-
vascular risk in individuals with PAD. To test our
Kidney International Reports (2022) 7, 2242–2250

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://doi.org/10.1016/j.ekir.2022.07.169
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lucasbcofer@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ekir.2022.07.169&domain=pdf


Enrolled subjects
n = 300

Included in CKD analysis
n = 285

7 did not undergo invasive procedure
4 met exclusion criteria
4 excluded from analysis*

No CKD
n = 172

CKD
n = 113

Moderate disease
n = 71

Severe or end-stage
disease n = 42

eGFR ≥ 60
ml/min/1.73m2

eGFR < 60 and ≥ 30
ml/min/1.73m2

eGFR < 30
ml/min/1.73m2

or ESKD

eGFR < 60
ml/min/1.73m2

Figure 1. Study group flowchart. *3 were excluded for history of
prior kidney transplant and 1 was excluded for lack of a recorded
baseline serum creatinine. CKD, chronic kidney disease; eGFR,
estimated glomerular filtration rate; ESKD, end-stage kidney disease.
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hypothesis, we explored the associations between CKD
status, platelet activity measured using LTA (the gold
standard test for measuring platelet activity), and
incident adverse cardiovascular events in a cohort of
subjects with PAD who were undergoing lower ex-
tremity revascularization.

METHODS

Study Design

The Platelet Activity and Cardiovascular Events study
was a prospective cohort study approved by the New
York University Langone Medical Center Institutional
Review Board and conducted at New York University
Langone Health, Bellevue Hospital, and the Manhattan
Veterans Administration Hospital (URL: https://www.
clinicaltrials.gov; Unique identifier:
NCT02106429).24,25 The Platelet Activity and Cardio-
vascular Events study enrolled nonpregnant adults
older than 21 years with symptomatic PAD and un-
dergoing nonemergent lower extremity revasculariza-
tion. Subjects were excluded if they had any of the
following: hemoglobin <8 g/dl, hemorrhagic diathesis,
platelet count >500�109/l or <100�109/l, or use of any
nonsteroidal anti-inflammatory drug (other than
aspirin) within 72 hours. Upon enrollment and prior to
undergoing lower extremity revascularization, each
subject was interviewed and they completed ques-
tionnaires soliciting clinico-demographic information.
Venous blood drawn prior to revascularization using
standard aseptic phlebotomy technique was used to
measure platelet activity using LTA. Enrolled subjects
were followed up with during regular clinic visits or
contacted by telephone at 30 days, then every 6 months
for a maximum of 3.5 years, until study closure or
death. During follow-up visits, subjects were asked
about the occurrence of clinically manifest cardiovas-
cular events, which were adjudicated by an indepen-
dent, blinded committee based on prespecified study
definitions.

Study Groups

Of the 300 enrolled subjects, 7 did not undergo a
procedure, 4 met an exclusion criterion and were not
followed up with, and 4 were excluded from this
analysis (3 due to history of prior kidney transplant
and 1 for lack of a recorded baseline serum creatinine
value). To define primary groups based on the presence
of CKD, we calculated the eGFR using the CKD-EPI
equation.26 We defined CKD by eGFR <60 ml/min
per 1.73 m2 and no CKD by eGFR $60 ml/min per 1.73
m2. For secondary analyses, we stratified the CKD
group into 2 subgroups based on disease severity. A
moderate disease group included subjects with stage 3
CKD (eGFR <60 and $30 ml/min per 1.73 m2), and a
Kidney International Reports (2022) 7, 2242–2250
severe or end-stage disease group included those with
stage 4 or 5 CKD (eGFR <30 ml/min per 1.73 m2) or who
indicated the presence of ESKD on the enrollment
questionnaire.8,27 The creation of study groups from
enrolled subjects is summarized in Figure 1.

LTA

LTA is considered the gold standard test of platelet
function in CVD.28 Platelet aggregation in response to
submaximal agonist stimulation on LTA has been used
to identify individuals with platelet hyperreactivi-
ty.29,30 In our study, LTA was performed within 2
hours of phlebotomy on an AggRAM light transmission
aggregometer (Helena Laboratories, Beaumont, TX) ac-
cording to the manufacturer’s specifications. Sodium
citrate blood tubes were spun at 200g for 10 minutes to
generate platelet-rich plasma for collection. These same
tubes were then spun again at 2500g for 10 minutes to
generate platelet-poor plasma. Platelet aggregation was
measured in response to submaximal concentrations of
ADP (0.4, 1, 2 mM), collagen (0.2, 1 mg/ml), serotonin
(10 mM), epinephrine (0.1, 0.4, 2 mM), AA; 1600 mM,
and AA 1600 mM with ex vivo aspirin (AA 1600 mM þ
ex vivo aspirin [ASAev]). All reported values represent
platelet aggregation percentage measured 3 minutes
after agonist exposure.

Clinical Endpoints

The primary clinical endpoint was MI. Other endpoints
included major unplanned amputation (any above-
ankle amputation, referred to as “amputation”
2243
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Figure 2. Proposed mediation model. Conceptual model of platelet-
mediated cardiovascular risk in chronic kidney disease.

Table 1. Demographic and clinical characteristics stratified by the
presence of CKD
Characteristic No CKD (n [ 172) CKD (n [ 113) P value

Demographic variables, n (%)

Age, yr, mean�SD 68.2 � 10.6 71.8 � 10.6 0.005

Female sex 46 (26.7) 49 (43.4) 0.005

Race 0.27

African-American 36 (20.9) 30 (26.5)

Asian-American 4 (2.3) 1 (0.9)

White 112 (65.1) 63 (55.8)

Other 20 (11.6) 19 (16.8)

Hispanic ethnicity 25 (14.7) 28 (25.0) 0.04

Clinical variables, n (%)

Hypertension 148 (86.0) 103 (91.2) 0.27

Diabetes 72 (41.9) 78 (69.0) <0.001

Current tobacco use 41 (23.8) 8 (7.1) 0.001

Body mass index, kg/m2, mean�SD 26.5 � 5.2 27.3 � 5.7 0.17

Family CVD history 52 (30.8) 28 (25.5) 0.41

Coronary artery disease 92 (53.5) 66 (58.4) 0.49

Prior MI 42 (24.4) 33 (29.2) 0.45

Prior stroke or TIA 34 (19.8) 18 (15.9) 0.51

Prior critical limb ischemia 122 (70.9) 101 (89.4) <0.001

Heart failure 25 (14.5) 30 (26.5) 0.02

Antiplatelet therapy 157 (91.3) 97 (85.8) 0.21

Aspirin 142 (82.6) 90 (79.6) 0.64

Clopidogrel 76 (44.2) 42 (37.2) 0.29

Statin therapy 150 (87.2) 82 (72.6) 0.003

ACE inhibitor/ARB therapy 93 (54.1) 61 (54.0) 1

Beta blocker therapy 97 (56.4) 74 (65.5) 0.16

Revascularization procedure type 0.01

Endovascular 64 (37.2) 53 (46.9)

Hybrid 20 (11.6) 8 (7.1)

Open 81 (47.1) 39 (34.5)

No intervention 7 (4.1) 13 (11.5)

ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; CKD,
chronic kidney disease; CVD, cardiovascular disease; MI, myocardial infarction; TIA,
transient ischemic attack.
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hereafter), death, a composite of MACE, and a com-
posite of major adverse cardiovascular and limb events.
MACE was defined as MI, stroke, or death. Major
adverse cardiovascular and limb events was defined as
MACE, amputation, or major reintervention (new
bypass graft, thrombectomy or thrombolysis, or jump/
interposition graft of the index limb only).

Mediation Analysis

We followed the Baron and Kenny method for testing
mediation as per the conceptual model depicted in
Figure 2.31 After demonstrating independent
associations between CKD status and both platelet
activity and clinical cardiovascular risk, we used
the following formula to calculate clinical hazard
mediation percentages attributable to platelet activity:
100� HRu�HRa

HRu�1 , in which HRu is the unadjusted clin-
ical hazard ratio and HRa is the hazard ratio adjusted
for the variable being evaluated for mediation.32,33 The
95% confidence intervals of the mediation estimates
were obtained by performing bootstrap resampling
1000 times. For these analyses, we included only sub-
jects with complete datasets for all clinical outcomes
and platelet aggregation assays.

Statistics

Data are presented as mean � SD or median [inter-
quartile range] according to the distribution. Differ-
ences in group clinico-demographic characteristics
were assessed using c2 tests of independence or
Fisher’s exact tests for categorical variables, and 2-
tailed independent samples t-tests for continuous data.
Platelet activity data were compared between groups
using Mann–Whitney U tests. Linear regression was
used to assess for associations between platelet activity
and CKD group before and after adjustment for clinico-
demographic variables. As LTA data are non-normally
distributed, prior to performing regression we log-
transformed the data to meet the normality assump-
tion of linear regression. To assess for correlation be-
tween eGFR and platelet aggregation, we first assigned
eGFR as 5 ml/min per 1.73 m2 for each subject with
ESKD. Next, Pearson’s correlation coefficient was used
to assess for correlation between the polynomial eGFR
and platelet activity. Clinical endpoint incidence pro-
portions were compared using c2 test or Fisher’s exact
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tests. Cox proportional-hazards models were used to
calculate clinical endpoint hazard ratios before and
after adjusting for clinico-demographic variables. The
proportional hazards assumption was tested using the
Schoenfeld test. For all tests, P < 0.05 was the
threshold for statistical significance. Analyses were
performed using R Version 3.5.2 (R Core Team).
RESULTS

Demographic and Clinical Characteristics of the

Study Groups

Among the 285 subjects for whom eGFR was calcu-
lated, there were 113 (40%) with CKD. Complete clin-
ical and demographic characteristics are listed in
Table 1. Subjects with CKD, compared to those without
CKD, were older, more likely to be female and His-
panic, and more likely to have diabetes, heart failure,
and critical limb ischemia. Subjects with CKD were less
often current smokers and on statin therapy (P < 0.05
for each). There were no significant differences
Kidney International Reports (2022) 7, 2242–2250
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Figure 3. Platelet aggregation by (a) the presence of CKD and (b) the presence and severity of CKD. Platelet aggregation percentage (y-axis) on
aggregometry in response to agonist-dose combinations (x-axis) by study group. Floating bars show median and interquartile range. *indicates
P < 0.05; **indicates P < 0.01. ADP, adenosine diphosphate; Epi, epinephrine; AA, arachidonic acid; ASAev, ex vivo aspirin; CKD, chronic kidney
disease.
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between groups with respect to prevalent coronary
artery disease or use of antiplatelet therapy. Among the
113 subjects with CKD, 71 (63%) had moderate disease
and 42 (37%) had severe or end-stage disease, of whom
25 (60%) were receiving maintenance dialysis. Baseline
characteristics stratified by CKD severity are presented
in Supplementary Table S1.

Platelet Activity is Increased in Individuals With

CKD

To determine the influence of CKD on platelet activity,
we compared LTA results between groups. For each
LTA assay, median platelet aggregation trended higher
in subjects with CKD than subjects without CKD. Me-
dian aggregation was significantly higher in the CKD
versus the non-CKD group for submaximal agonist
stimulation with ADP (0.4 mM, 1 mM, 2 mM), serotonin
(10 mM), and epinephrine (0.1 mM, 2 mM). After
Kidney International Reports (2022) 7, 2242–2250
incubating platelet-rich plasma with aspirin ex vivo,
subjects with CKD had higher platelet aggregation in
response to AA 1600 mM þ ASAev; Figure 3a. When
stratified by CKD severity, platelet aggregation was
significantly elevated in subjects with severe or ESKD
in comparison to those without CKD in response to
stimulation with ADP (0.4 mM, 1 mM), serotonin (10
mM), epinephrine (2 mM), and AA (1600 mM þ ASAev)
(Figure 3b).

We performed linear regression to investigate the
association between CKD and platelet aggregation after
adjustment for key variables. In unadjusted models,
prevalent CKD was significantly associated with
increased platelet aggregation on the following assays:
ADP 0.4 mM, ADP 1 mM, ADP 2 mM, serotonin 10 mM,
epinephrine 2 mM, and AA 1600 mM þ ASAev. After
adjustment for age, sex, race, and ethnicity, CKD status
was independently associated with higher platelet
2245
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Table 2. Clinical hazard mediation by platelet activity in subjects with CKD

Platelet variable adjustment

Outcome

MI Death MACE MACLE

Unadjusted model HR [95% CI] 2.38 [1.09, 5.20] 2.31 [1.29, 4.12] 2.32 [1.40, 3.84] 1.56 [1.11, 2.19]

ADP
0.4 mM

aHR [95% CI] 2.15 [0.98, 4.73] 2.18 [1.22, 3.91] 2.22 [1.34, 3.69] 1.46 [1.03, 2.06]
% mediation [95% CI] 17% [�25 �85%] 10% [�15 �61%] 7% [�11 �29%] 18% [�32 �113%]

Serotonin
10 mM

aHR [95% CI] 2.17 [0.99, 4.76] 2.21 [1.23, 3.96] 2.22 [1.34, 3.68] 1.42 [1.00, 2.00]
% mediation [95% CI] 16% [�33 �101%] 8% [�16 �41%] 8% [�6 �33%] 26% [�20 �150%]

Epinephrine
2 mM

aHR [95% CI] 2.28 [1.04, 4.98] 2.17 [1.21, 3.88] 2.23 [1.35, 3.69] 1.45 [1.03, 2.05]
% mediation [95% CI] 8% [�24 �36%] 11% [�12 �42%] 7% [�7 �25%] 18% [�22 �102%]

AA 1600 mM
þ ASAev

aHR [95% CI] 2.24 [1.02, 4.93] 2.19 [1.22, 3.94] 2.20 [1.32, 3.67] 1.47 [1.04, 2.08]
% mediation [95% CI] 11% [�50 �47%] 9% [�22 �41%] 9% [�11 �29%] 16% [�24 �79%]

All 4 variables aHR [95% CI] 2.19 [0.99, 4.86] 2.16 [1.20, 3.89] 2.21 [1.33, 3.68] 1.41 [1.00, 2.00]
% mediation [95% CI] 14% [�81 �104%] 11% [�36 �56%] 9% [�22 �40%] 26% [�88 �152%]

AA, arachidonic acid; ADP, adenosine diphosphate; aHR, adjusted hazard ratio; ASAev, ex vivo aspirin; CI, confidence interval; HR, hazard ratio; MI, myocardial infarction; MACE, major
adverse cardiovascular event; MACLE, major adverse cardiovascular and limb event.
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aggregation in response to serotonin 10 mM, epineph-
rine 2 mM, and AA 1600 mM þ ASAev. There was a
borderline association between CKD and platelet ag-
gregation to ADP 0.4 mM (P ¼ 0.05) (Supplementary
Table S2).

To better characterize the relationship between
declining kidney function and increased platelet ag-
gregation on key LTA assays, we assessed whether
eGFR and platelet aggregation were correlated on the 4
assays for which we found platelet aggregation to be
robustly associated with prevalent CKD (serotonin 10
mM, epinephrine 2 mM, AA 1600 mM þ ASAev, and
ADP 0.4 mM). This analysis revealed significant nega-
tive correlations between eGFR and platelet aggrega-
tion on all 4 assays (Supplementary Table S3).
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Figure 4. Cardiovascular outcomes during follow-up. (a) Incidence
rates during follow-up (y-axis) of outcomes (x-axis) by the presence
of CKD. *indicates P < 0.05; ** indicates P < 0.01; ***indicates P <
0.001. (b) Adjusted hazard ratios (circles) with 95% confidence in-
tervals (bars) for outcomes (y-axis) in the CKD group versus the no
CKD group. Models include adjustment for age, sex, race, ethnicity,
current tobacco use, prevalent diabetes and coronary artery dis-
ease, prior MI and CLI, mode of revascularization, and antiplatelet
and statin therapy use. CI, confidence interval; MI, ; MACE, major
adverse cardiovascular events; MACLE, major adverse cardiovas-
cular and limb event.
CKD is Associated With More Incident

Cardiovascular Events

To evaluate the influence of CKD on cardiovascular
risk, we compared the incidence of cardiovascular
events in subjects with and without CKD over a median
follow-up of 18 months. Subjects with CKD had a
higher incidence of MI, death, MACE, and major
adverse cardiovascular and limb events than subjects
without CKD (Figure 4a). After adjustment for age, sex,
race, and ethnicity, there was a significant association
between CKD status and hazard for cardiovascular
events (Supplementary Table S4). Following further
adjustment for current tobacco use, prevalent diabetes
and coronary artery disease, prior MI and critical limb
ischemia, mode of revascularization, and use of anti-
platelet and statin therapy, CKD status remained posi-
tively associated with risk of MI, death, and MACE
(Figure 4b). In secondary analyses, clinical outcomes
increased in a stepwise fashion with increasing CKD
disease severity (Supplementary Figure S1). After
adjustment for age, sex, race, and ethnicity, subjects
with severe or ESKD were at heightened risk of MI,
death, amputation, MACE, and major adverse
2246
cardiovascular and limb events compared to those
without CKD (Supplementary Figure S2).

Platelet Activity Mediates Cardiovascular Risk in

CKD

We next evaluated whether the observed heightened
platelet activity among subjects with CKD mediated
Kidney International Reports (2022) 7, 2242–2250
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any of their increased cardiovascular risk. Focusing on
the 4 LTA assays for which we had previously estab-
lished robust associations between CKD status and
platelet aggregation, we calculated the percentage of
excess cardiovascular risk that platelet aggregation on
each assay, and a composite of all 4, mediated. Platelet
aggregation to ADP, serotonin, epinephrine, and AA
mediated 7% to 18%, 8% to 26%, 7% to 18%, and 9%
to 16% of the excess risk associated with having CKD
for cardiovascular events, respectively. Platelet aggre-
gation to all 4 assays mediated up to 26% of the risk
associated with having CKD for cardiovascular events
(Table 2).
DISCUSSION

The Platelet Activity and Cardiovascular Events study
was designed to investigate the role of platelet activity
in PAD and its association with incident cardiovascular
events. Because CKD is frequently coprevalent with
PAD, we compared platelet aggregation and cardio-
vascular events by CKD status in this well-phenotyped
population. We identified significantly increased
platelet aggregation in subjects with CKD compared to
those without CKD, despite a similar prevalence of
antiplatelet therapy between the groups. There were
strong positive associations between CKD status and
cardiovascular outcomes, including MI, death, and
MACE, that persisted after adjustment for key clinico-
demographic variables and appeared to be mediated, in
part, by increased platelet aggregation.

The presence of platelet dysfunction in CKD is well
documented, but data describing the nature of this
dysfunction are conflicting. A number of previous
studies demonstrated heightened platelet aggregation
in response to ADP stimulation in subjects with CKD
who are not on antiplatelet therapy.20-22 In contrast,
other prior works summarized in a recent meta-analysis
demonstrated reduced platelet aggregation to ADP in
CKD, albeit with high enough study heterogeneity that
the authors suggested definitive conclusions were
premature.23 We identified associations between CKD
status and platelet aggregation in response to ADP that
were borderline significant after adjustment. That these
associations were less robust to adjustment than those
for other agonists appears consistent with the meta-
analysis. In addition, the meta-analysis concluded
that platelet aggregation to collagen stimulation is
significantly reduced in subjects with CKD. Similarly,
we did not identify differences in platelet response to
collagen between individuals with and without CKD.
Of note, the meta-analysis only included studies
comparing platelets from subjects with CKD to those
from healthy volunteers and excluded subjects on
Kidney International Reports (2022) 7, 2242–2250
hemodialysis or antiplatelet therapy. We assessed a
different and more at-risk cohort by including in-
dividuals with ESKD on maintenance dialysis as well as
those with established CVD on antiplatelet agents. We
did not observe a dose-response relationship between
worsening kidney function and platelet activity in
secondary analyses, however it may not be possible to
define the true nature of this relationship with our data
given the small number of subjects with ESKD in our
cohort.

Prior data describe CKD-related platelet dysfunction
in subjects with coronary artery disease, often during
the peri-coronary intervention period. These works
specifically focus on platelet activity in response to
ADP and AA agonism during thienopyridine and
aspirin therapy. As a whole, they strongly suggest
increased on-antiplatelet therapy platelet reactivity in
subjects with CKD.16-19 Consistently, in our cohort
with high antiplatelet therapy use, we observed
elevated platelet response to both ADP and AA with
ex vivo aspirin in individuals with CKD, suggesting
incomplete P2Y12 and COX-1 inhibition in the group.
High on-treatment platelet reactivity in CKD has been
further associated with elevated risk for ischemic
thrombosis.34,35 Our results extend upon those findings
and suggest that heightened platelet aggregation in
response to submaximal ADP partially mediates the
well-described excess risk for cardiovascular events in
individuals with CKD.

There are several possible explanations for the
inconsistent descriptions of platelet activity in CKD in
the literature. Prior studies vary considerably by
design, including, importantly, the chosen platelet
function assay. Point-of-care methods have been
widely used but are not the tests of choice to assess
global platelet activity. A study compared point-of-care
methods to LTA, and found that point-of-care mea-
surements consistently overestimated platelet reac-
tivity.36 Another study compared 9 different tests for
assessing platelet responsiveness to 3 different doses of
aspirin in patient with diabetes, and found the tests to
be differentially effective in measuring aspirin’s anti-
platelet effect and poorly correlated with one another.37

Our study, which uses LTA with a broad panel of
agonists, provides a more complete assessment of
platelet activity than do prior studies. Separately, CKD
patients present a heterogenous population; intracohort
differences related to disease etiology and extent likely
account for some of the noted inconsistencies. Other
patient-related factors, such as age, sex, smoking, and
diabetes, are known to influence platelet activity.
Thus, CVD is likely to manifest heterogeneously in
individuals with CKD, depending on the balance of
different pathologic forces (e.g., proatherosclerotic,
2247
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proarteriosclerotic). Our cohort, with established PAD,
likely best represents the CKD subgroup with pre-
dominantly atherosclerotic CVD and an associated hy-
perreactive platelet phenotype.

The mechanisms underlying platelet dysfunction in
CKD are poorly understood. Abnormal interaction be-
tween platelets and platelet-endothelium in the setting
of kidney impairment may play a role.38 In CKD,
endothelial cell activation and elevated levels of von
Willebrand Factor, a key platelet adhesion protein,
have been observed, though it is unclear whether this
contributes to increased thrombotic risk.39,40 Imbalance
among platelet modulators such as ADP, serotonin, and
cAMP, reduction in release of thromboxane A2, and
increased intracellular calcium have been shown to
cause activation defects in CKD, though inconsis-
tently.38,40 Accumulation of uremic toxins is hypoth-
esized to play a role in modulating platelet activity in
CKD, though how changing concentrations of stimu-
latory and inhibitory toxins influences risk for
bleeding and thrombosis remains unclear.39-41 Finally,
decreased bioavailability of nitric oxide, a potent
vasodilator and inhibitor of platelet adhesion and ag-
gregation, accompanied by accumulation of inflamma-
tory mediators such as asymmetric dimethylarginine
likely contributes to proatherosclerotic platelet
dysfunction in patients with CKD.42-44

Antiplatelet therapies are the current standard of
care for prevention and treatment of atherosclerosis
and its complications in the general population.
Nevertheless, evidence regarding the optimal regimen
of antiplatelet therapy in CKD is lacking. Current evi-
dence is largely extrapolated from post hoc analyses of
trials, with some studies suggesting that benefits of
antiplatelet therapy are outweighed by bleeding haz-
ards in certain settings.45 A meta-analysis analyzing the
use of aspirin in the nondialysis dependent CKD pop-
ulation reported no clear benefit for primary preven-
tion of cardiovascular events or mortality.46 Thus,
treatment of platelet hyperreactivity in CKD presents a
therapeutic challenge; balancing antithrombotic bene-
fits of dual antiplatelet therapy with the prospect of
paradoxically increasing bleeding risk remains diffi-
cult. Our findings that platelet aggregation to several,
but not all, agonists is increased in CKD and that
increased aggregation partially mediates adverse car-
diovascular outcomes emphasize the importance of
adequately inhibiting platelets in patients with co-
morbid CKD and vascular disease. Conversely, the
varying effects of CKD status on platelet responsiveness
to different agonists suggest that individualizing
treatment based upon platelet function assays has po-
tential to improve outcomes in individuals with CKD.
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Several limitations of this study should be consid-
ered. We analyzed a group of subjects with CKD and
PAD; generalization of our results to individuals with
CKD and nonatherosclerotic CVD (e.g., cardiomyopa-
thy, arteriosclerosis) requires confirmation. Further,
our cohort featured heterogeneous manifestations of
CKD, so our findings address CKD broadly rather than
specific CKD subpopulations. Our modest sample size,
especially in the ESKD subgroup, limited statistical
power. Thus, negative findings should be cautiously
interpreted. Wide confidence intervals surrounding the
mediation estimates limit our conclusions and require
larger studies for validation. Finally, associations be-
tween biomarkers in CKD such as proteinuria, and
platelet aggregation and cardiovascular events could
not be explored.

In summary, we present evidence that platelet ac-
tivity is increased in CKD, although differentially
across agonists of platelet aggregation, and that
increased platelet activity contributes to elevated risk
for cardiovascular complications in individuals with
CKD, including those with ESKD. We analyzed a
unique cohort, including subjects with PAD across the
CKD spectrum, assessed platelets using the gold stan-
dard test of platelet function across a broad range of
agonists, and conducted clinical follow-up over a long
period. Our results highlight a need for well-designed,
larger clinical trials to assess the role of platelet ag-
gregation testing using novel techniques and optimized
antiplatelet therapeutic regimens to mitigate cardio-
vascular morbidity and mortality in individuals with
CKD.
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