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Abstract
Purpose  Chronic kidney disease (CKD) is a risk factor for ischemic and bleeding events with dual antiplatelet therapy after 
percutaneous coronary intervention (PCI). Whether the presence of CYP2C19 loss of function (LOF) alleles modifies this 
risk, and whether a genotype-guided (GG) escalation of P2Y12 inhibitor therapy post PCI is safe in this population is unclear.
Methods  This was a post hoc analysis of randomized patients in TAILOR PCI. Patients were divided into two groups based 
on estimated glomerular filtration rate (eGFR) threshold of < 60 ml/min/1.73 m2 for CKD (n = 539) and non-CKD (n = 4276). 
The aggregate of cardiovascular death, stroke, myocardial infarction, stent thrombosis, and severe recurrent coronary ischemia 
at 12-months post-PCI was assessed as the primary endpoint. Secondary endpoint was major or minor bleeding.
Results  Mean (standard deviation) eGFR among patients with CKD was 49.5 (8.4) ml/min/1.72 m2. Among all patients, 
there was no significant interaction between randomized strategy and CKD status for any endpoint. Among LOF carriers, 
the interaction between randomized strategy and CKD status on composite ischemic outcome was not significant (p = 0.2). 
GG strategy was not associated with an increased risk of bleeding in either CKD group.
Conclusions  In this exploratory analysis, escalation of P2Y12 inhibitor therapy following a GG strategy did not reduce the 
primary outcome in CKD. However, P2Y12 inhibitor escalation following a GG strategy was not associated with increased 
bleeding risk in CKD. Larger studies in CKD are needed.
Clinical Trial Registration: https://​clini​caltr​ials.​gov/​ct2/​show/​NCT01​742117?​term=​TAILOR-​PCI&​draw=​2&​rank=1. 
NCT01742117.

Keywords  Antiplatelet therapy · Chronic kidney disease · Coronary artery disease · CYP2C19 · Percutaneous coronary 
intervention · Pharmacogenomics

Introduction

Patients with chronic kidney disease (CKD) are at a higher 
risk of adverse outcomes following percutaneous coronary 
intervention (PCI) [1]. Multiple observational studies have 
demonstrated a 1.5–twofold increased relative risk of mor-
tality post-PCI among patients with CKD versus no CKD [2, 
3]. Patients with CKD also experience higher rates of car-
diovascular death, repeat revascularization, definite/probable 
stent thrombosis (ST), and, paradoxically, bleeding [2–5].

Nonetheless, patients with CKD have been found to have 
improved outcomes with the use of dual anti-platelet ther-
apy (DAPT), including with prolonged duration of DAPT 
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[6]. Clopidogrel, the most widely used P2Y12 inhibitor, is a 
prodrug that requires conversion to the active form by the 
cytochrome P450 system, specifically by CYP2C19. The 
presence of CYP2C19 loss of function (LOF) alleles renders 
affected individuals exposed to ongoing thrombotic risk due 
to overall lower active clopidogrel levels; this combined with 
a higher on treatment platelet reactivity in CKD could lead 
to greater risk of thrombotic events despite treatment [7, 8]. 
Ticagrelor does not require the initial activation or conver-
sion; additionally, ticagrelor has pleiotropic cardioprotec-
tive effects that may provide short and long-term benefits 
[9]. On the other hand, ticagrelor has evidence of increased 
bleeding risk and some unique side effects such as dysp-
nea, as compared to clopidogrel, as well as currently being 
more expensive than clopidogrel in most settings. Given the 
genetically determined variation in response to clopidogrel, 
a pharmacogenetic approach may allow targeting of the 
newer P2Y12 inhibitors to patients who are slow metaboliz-
ers of clopidogrel [10].

The Tailored Antiplatelet Initiation to Lessen Outcomes 
Due To Decreased Clopidogrel Response after Percutane-
ous Coronary Intervention (TAILOR-PCI) trial is the larg-
est study to date to utilize a prospective genotyping-guided 
(GG) strategy to select a P2Y12 inhibitor post-PCI as com-
pared to a conventional clopidogrel therapy (CT). There was 
no statistically significant benefit of a GG therapy over CT in 
CYP2C19 LOF carriers after 12 months of follow-up [11]. 
Whether the effect of GG therapy was modified by CKD 
status on individual ischemic or bleeding outcomes has not 
been fully explored. Additionally, it is unknown whether 
the presence of CYP2C19 LOF status affects ischemic and 
bleeding outcomes in patients with CKD.

Methods

The design and rationale for the TAILOR-PCI study have 
been previously published [10, 11]. Briefly, TAILOR-PCI 
(NCT 01,742,117) was an investigator-initiated multi-center, 
open label, randomized trial testing the hypothesis that a GG 
choice of post-PCI P2Y12 inhibitor type for DAPT accord-
ing to CYP2C19 LOF (*2 or *3 alleles) status will improve 
ischemic outcomes in CYP2C19 LOF carriers versus CT. 
Those randomized to GG therapy underwent prospective 
point-of-care genotyping for CYP2C19 LOF alleles (Spar-
tan Biosciences, Ottawa, Canada); ticagrelor 90 mg twice 
daily for 12 months was prescribed for CYP2C19 LOF car-
riers, and non-carriers received clopidogrel 75 mg daily. 
Patients in the CT arm did not undergo prospective geno-
typing and received clopidogrel 75 mg daily. All patients 
underwent laboratory-based genotyping (ABI TaqMan 
assay) after completion of the duration of anti-platelet ther-
apy (12 months) to enable uniform comparisons between 

the 2 randomized arms, with the primary goal to compare 
outcomes in the LOF subset [10]. The ischemic outcomes 
assessed were cardiovascular death, myocardial infarction, 
stroke, stent thrombosis, and severe recurrent ischemia dur-
ing the first year after PCI. The safety endpoints were major 
or minor bleeding. All randomized patients were followed up 
by medical record review and telephone calls at 30 days and 
6 and 12 months after PCI. The institutional review boards at 
each site approved the study, and patients provided informed 
consent prior to study enrollment.

As part of the exclusion criteria, patients were not eli-
gible for enrollment if serum creatinine was > 2.5 mg/dl 
within 7 days of the index procedure. The last serum creati-
nine value pre-randomization was utilized, along with age, 
gender, and race in the Modification of Diet in Renal Dis-
ease equation [12] to estimate the glomerular filtration rate 
(eGFR). Herein, we provide a detailed analysis of patients 
with CKD (eGFR < 60 ml/min/1.73 m2), as compared to No 
CKD (eGFR ≥ 60 ml/min/1.73 m2). In addition, the trial’s 
primary hypothesis (GG vs. CT in LOF carriers) was evalu-
ated separately for CKD and no CKD.

Statistical Analysis

Continuous variables are summarized as mean (standard 
deviation). Discrete variables are presented as frequency 
(percentage of those with data available). The rank sum 
test is used to compare continuous and ordinal variables 
between groups. Pearson’s chi-squared test is used to test 
categorical variables. Kaplan–Meier estimates are used to 
calculate event rates in the first year post-PCI with group 
comparisons tested via log rank test. Cox proportional haz-
ards models were used to estimate the effects of a genotype 
guided approach as well as CKD status, summarized as 
hazard ratios and 95% confidence intervals. All Cox mod-
els were adjusted for the covariates age group, sex, hospital 
presentation, and enrollment site. The model was adjusted 
as a random effect. To test the GG vs CT effect within CKD 
groups, a single model was fit including the interaction of 
the randomized group and CKD group, enabling a formal 
test of the interaction. Within the analysis of the LOF sub-
group, Firth’s correction for monotone likelihood was used 
for the stent thrombosis and stroke endpoints due to the 
small number of events [13]. The effect of kidney function 
was modeled using eGFR as a continuous variable, employ-
ing a 3 degrees of freedom natural cubic spline in the Cox 
regression model. Given the variation in the effect of GG 
therapy during the early (3 months) versus late (12 months) 
phase of the trial reported in the main findings, a similar 
analysis at 3 months was performed based on CKD status. 
All analyses were conducted using SAS version 9.4 (SAS 
Institute Inc., Cary, NC).
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Results

Patient Characteristics

Of the 5276 patients in TAILOR-PCI who were eligible for 
analysis, 4815 patients (91%) had a creatinine value for eGFR 
estimation at baseline. Table S1 displays differences in base-
line characteristics of patients with (n = 4815) and without 
(n = 461) baseline creatinine for eGFR calculation. Subjects 
without eGFR available were similar in age and gender distri-
bution but were more likely to have been enrolled at sites in 
the USA, have higher BMI, and more likely of Caucasian race. 
Additionally, those without eGFR measures were more likely 
to have dyslipidemia, a history of PCI and multivessel disease 
but less likely to have a history of heart failure.

Of the patients with baseline creatinine, 539 (11.2%) had 
CKD, and 4276 (88.6%) no CKD. At baseline, CKD patients 
were older (70.6 [10] vs. 61.4 [10.7] years, p < 0.001), more 
likely female (40.8% v 22.7%, p < 0.001), had higher body 
mass index (29.7 [6.4] vs. 27.8 [6.1] kg/m2, p < 0.001), less 
likely African American/Black (1.3% vs. 2.5%) and more often 
Caucasian (73.3% vs. 61.2%) (p < 0.001 for the overall ethnic-
ity comparison between CKD and no CKD), and with gener-
ally greater proportion of comorbid conditions versus no CKD 
patients (all comorbidities presented were p < 0.05 between 
CKD and no CKD) (Table 1). Mean eGFR in patients with 
CKD was 49.5 (8.4) ml/min/1.73 m2 and in patients with no 
CKD was 92.1 (25.7) ml/min/1.73 m2, p < 0.01. There was bal-
anced study assignment of P2Y12 inhibitor between CKD and 
no CKD. The CYP2C19*17, so-called gain of function allele, 
appeared to be more frequent among patients with CKD vs. 
no CKD (1 or 2 alleles 32.1% vs. 26.2%, p = 0.002), whereas 
distribution of *1, *2, and *3 was similar between CKD and 
no CKD (Table S2).

Patients with CKD were being evaluated for chronic coro-
nary disease more frequently (24.3% vs. 16.2%, p < 0.001) 
(Table1). Patients with CKD also were more likely to have 
multivessel coronary disease than those without CKD (51.2% 
vs. 40.6%, p < 0.001) (Table S2). More stents were deployed 
in patients with CKD vs. no CKD (mean 1.6 (0.9) vs. 1.5 (0.9), 
p = 0.024). Peri-procedurally, a higher proportion of CKD 
patients received clopidogrel as the loading thienopyridine 
versus no CKD (72.5% vs. 67.8%, p = 0.002). Patients with 
CKD were less likely to be discharged on statin therapy (91.5% 
vs 96%, p < 0.001) or on an angiotensin converting enzyme 
inhibitor (37.8% vs. 45.2%, p = 0.001).

Outcomes in CKD Patients and Interaction Between 
CKD Status and Overall Randomized Groups

Unadjusted Kaplan–Meier estimates for the primary outcome 
and the sub-components, as well as for all-cause mortality 

are displayed in Table 2 and supplemental Fig. S1a-g. Fig-
ure 1a demonstrates the proportional increase in the primary 
outcome by decreasing eGFR; the increase in risk appears 
to occur around 60 ml/min/1.73 m2. After adjustments for 
covariates (including age, gender, CAD presentation, and 
study arm randomization), patients with CKD had a higher 
adjusted hazard for the primary outcome (adjusted hazard 
ratio (aHR), 1.55; 95% confidence interval [CI] 1.09–2.20), 
all-cause mortality (aHR 2.72, 95% CI 1.46–5.06), CV mor-
tality (aHR 3.47, 95% CI 1.75–6.88), and stent thrombosis 
(aHR 3.14, 95% CI 1.40–7.00) (Table 3). There were no 
significant interactions between the overall strategy arms 
and CKD status for any endpoint (Fig. 2a).

CKD Interaction with Treatment Strategy 
in CYP2C19 LOF Carriers

Among the CYP2C19 LOF carriers (n = 1894; 1706 with 
eGFR), there were 194 (11.4%) patients with CKD and 1512 
(88.6%) with no CKD. Differences in baseline characteristics 
were like those seen in the overall cohort (Table S3). Table 4 
displays Kaplan–Meier estimates for outcomes at 12 months 
for the CYP2C19 LOF cohort by CKD status and randomiza-
tion arm; consistent with the smaller size of the CYP2C19 
LOF cohort, an overall number of events were lower as well. 
There was a significantly lower risk for the primary out-
come among patients with no CKD who were randomized 
to GG therapy, but the test for interaction was not signifi-
cant (p = 0.20) (Fig. 2b). For severe recurrent ischemia, GG 
therapy resulted in lower events among those with no CKD 
(1.7% vs. 3.3%, p = 0.043; aHR 0.49, 95% CI 0.24–0.98) as 
opposed to those with CKD (6.4% vs. 2.2%, p = 0.17) and 
p value for interaction 0.026 (Fig. 2b). No differences were 
seen at 3 months (Figure S2).

Bleeding Events

For safety outcomes, patients with CKD demonstrated > two-
fold increase in the risk for major or minor bleeding as 
compared to patients without CKD (Table S3, Figure S3). 
Figure 1b demonstrates the continuous increase in risk for 
major or minor bleeding as eGFR decreases below 60 ml/
min/1.73 m2. No significant interaction between the treat-
ment strategy and CKD status was found for major or minor 
bleeding in the overall cohort (Fig. 2a) nor among CYP2C19 
LOF carriers (Fig. 2b).

Discussion

This is the largest genetic based study exploring the effect 
of CKD on a prospective GG therapy as opposed to CT 
strategy, and whether CYP2C19 LOF status attenuates the 
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effect of CKD on clinical outcomes. As seen in prior stud-
ies, CKD patients remain at higher risk of ischemic and 
bleeding outcomes in the modern era of newer generation 
coronary stenting. We demonstrate that this risk is not modi-
fied by the presence of CYP2C19 LOF alleles. In contrast 
to other studies of cardiovascular therapeutics in which 
patients with CKD appear to garner a greater benefit from 
therapeutic interventions [14, 15], GG therapy was more 
effective among CYP2C19 LOF carriers with no CKD, 

specifically by reducing severe recurrent coronary ischemia 
events without an increased bleeding risk. These findings 
suggest that patients with CKD, who are traditionally under-
represented in cardiovascular trials [16], may be resistant to 
implementation strategies, the primary focus of TAILOR-
PCI, for escalation of anti-platelet therapy; further study is 
needed to understand the mechanisms behind this resistance. 
GG therapy did not lead to an increase in bleeding events 
among those with CKD, suggesting that further studies of 

Table 1   Baseline characteristics in all subjects (number of patients per columns not equaling 100% due to missing values)

CABG, coronary artery bypass graft; CAD, coronary artery disease; CKD, chronic kidney disease; GFR, glomerular filtration rate; LOF, loss 
of function; MI, myocardial infarction; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; TIA, transient 
ischemic attack

Patient characteristics
CKD (N = 539) No CKD (N = 4276) Total (N = 4815) p Value

Study arm
  Conventional therapy 296 (54.9%) 2105 (49.2%) 2401 (49.9%)
  Genotype-guided therapy 243 (45.1%) 2171 (50.8%) 2414 (50.1%)

Age at PCI (years; mean (SD)) 70.6 (10.0) 61.4 (10.7) 62.4 (11.0)  < 0.001
Creatinine (mg/dl; mean (SD)) 1.4 (0.3) 0.9 (0.2) 0.9 (0.3)  < 0.001
Estimated GFR (ml/min/1.73 m2; mean (SD)) 49.5 (8.4) 92.1 (25.7) 87.3 (27.8)  < 0.01
Sex (female; N (%)) 220 (40.8%) 970 (22.7%) 1190 (24.7%)  < 0.001
Body mass index (kg/m2; mean (SD)) 29.7 (6.4) 28.8 (6.1) 28.9 (6.1)  < 0.001
Ethnicity  < 0.001

  Caucasian 395 (73.3%) 2615 (61.2%) 3010 (62.5%)
  East Asian 75 (13.9%) 1060 (24.8%) 1135 (23.6%)
  South Asian 24 (4.5%) 202 (4.7%) 226 (4.7%)
  African-American/Black 7 (1.3%) 107 (2.5%) 114 (2.4%)
  Hispanic or Latino 18 (3.3%) 121 (2.8%) 139 (2.9%)
  Other 20 (3.7%) 171 (1.9%) 191 (3.9%)

Country of enrollment  < 0.001
  USA 340 (63.1%) 2063 (48.2%) 2403 (49.9%)
  Canada 94 (17.4%) 978 (22.9%) 1072 (22.3%)
  S. Korea 93 (17.3%) 1154 (27.0%) 1247 (25.9%)
  Mexico 12 (2.2%) 81 (1.9%) 93 (1.9%)

Comorbidities
  Hypertension 439 (81.4%) 2590 (60.6%) 3029 (62.9%)  < 0.001
  Diabetes 227 (42.1%) 1091 (25.5%) 1318 (27.4%)  < 0.001
  History of MI (excluding index event) 104 (19.3%) 581 (13.6%) 685 (14.2%)  < 0.001
  Any history of heart failure 63 (11.7%) 367 (8.6%) 430 (8.9%) 0.018
  Stroke/TIA 25 (4.6%) 112 (2.6%) 137 (2.8%) 0.008
  Dyslipidemia 338 (62.7%) 2157 (50.4%) 2495 (51.8%)  < 0.001
  History of PCI 169 (31.4%) 933 (21.8%) 1102 (22.9%)  < 0.001
  History of CABG 82 (15.2%) 268 (6.3%) 350 (7.3%)  < 0.001
  Peripheral artery disease 27 (5.0%) 97 (2.3%) 124 (2.6%)  < 0.001

Cigarette use (current/recent use) 75 (13.9%) 1192 (27.9%) 1267 (26.3%)  < 0.001
CAD subtype  < 0.001

  Stable CAD 131 (24.3%) 694 (16.2%) 825 (17.1%)
  Unstable angina/non-STEMI 328 (60.9%) 2658 (62.2%) 2986 (62.0%)
  STEMI 80 (14.8%) 924 (21.6%) 1004 (20.9%)
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genotype-guided escalation or de-escalation post-PCI are not 
precluded by safety concerns.

Phenotypic methods of identifying poor response to plate-
let inhibitors have been suggested as useful for improving 
outcomes in patients with CKD. Liang et al. described a 
novel approach of utilizing a non-specific assay of platelet 
aggregation testing and instituting a high-dose clopidogrel 
(150 mg versus standard 75 mg) in those with high clopi-
dogrel resistance [17]. They found a significant reduction 
of definite or probable stent thrombosis using high-dose 
clopidogrel in patients with CKD who demonstrated clopi-
dogrel resistance (1.1% vs. 4.9%, p = 0.030). The rates of 
major or minor bleeding were higher in the high-dose arm 
(7.0% vs. 3.3%), though not statistically significant. Such a 
strategy of changing treatment based on platelet aggregation 
assays has not proven to be of benefit in larger randomized 
clinical trials [18, 19], but has not specifically been studied 
in CKD patients. Genotyping enables an evaluation of risk 
for clopidogrel non-responsiveness preemptively without a 
functional assessment on-treatment [20].

The importance of personalizing drug selection in 
patients with CKD has been highlighted in previous stud-
ies of CYP2C19 LOF alleles and clopidogrel use but 
have provided conflicting results. Viviani Anselmi et al. 
examined the association of LOF alleles and outcomes in 
patients post-PCI (n = 1432) treated with clopidogrel and 
aspirin and performed sub-analysis among those with high 
risk features—diabetes, CKD, and older age [21]. In this 
analysis, CYP2C19 LOF alleles were most associated with 
major adverse cardiovascular events among patients with 

high-risk features including CKD. Wu et al. found similar 
results, greater effect of CYP2C19 LOF status in CKD, in 
patients with minor stroke/transient ischemic attacks who 
were treated with clopidogrel for subsequent stroke preven-
tion [22]. On the other hand, two prospective cohort studies 
of the association between CYP2C19 LOF alleles and out-
comes post-PCI clopidogrel use demonstrated no associa-
tion of CYP2C19 LOF status and outcomes in CKD. Tabata 
et al. and Wang et al. found that patients without CKD 
(eGFR ≥ 60 ml/min/1.73 m2) had higher risk of adverse car-
diovascular events with LOF alleles and clopidogrel treat-
ment post-PCI, whereas those with CKD demonstrated no 
association between presence of LOF alleles and cardiovas-
cular outcomes [23, 24]. Our analysis would be aligned with 
these latter studies, in that patients without CKD derived 
some benefit from GG strategy to P2Y12 inhibitor selection, 
whereas patients with CKD did not. In addition, the current 
analysis adds to this literature by providing the first rand-
omized allocation of P2Y12 inhibitor post-PCI based on a 
GG strategy using CYP2C19 LOF status including patients 
with CKD.

The reason for the lack of benefit of GG therapy in the 
CKD population cannot be easily explained. One possi-
ble explanation is the high on-treatment platelet reactivity 
(HPR) exhibited by patients with CKD as compared to those 
without CKD [8]. This meta-analysis identified that on aver-
age, there was a greater proportion of HPR in patients with 
CKD than non-CKD, HPR was more likely as kidney func-
tion worsened, and HPR was associated with 1.5–threefold 
increased risk of adverse cardiovascular events (including 

Table 2   Kaplan–Meier 
estimates for outcomes and 
bleeding events at 365 days in 
full analytic cohort: All data 
presented as number of events 
(event rate %)

* Log rank p values
† Interaction p values from Cox models adjusting for age group, sex, hospital presentation, and site
BARC: Bleeding Academic Research Consortium

Chronic kidney disease No chronic kidney disease Interaction
p Value†

GG CT P* GG CT P*

N 243 296 2171 2015

Outcomes
  Primary outcome 19 (8.1%) 26 (9.1%) 0.7 90 (4.3%) 96 (4.7%) 0.48 0.92
  Cardiovascular death 6 (2.6%) 9 (3.1%) 0.69 14 (0.7%) 12 (0.6%) 0.76 0.66
  Myocardial infarction 6 (2.6%) 9 (3.2%) 0.70 26 (1.2%) 33 (1.6%) 0.29 0.88
  Stroke 2 (0.9%) 3 (1%) 0.81 8 (0.4%) 9 (0.4%) 0.76 0.98
  Severe recurrent ischemia 7 (3%) 8 (2.9%) 0.9 47 (2.2%) 47 (2.3%) 0.86 0.86
  Stent thrombosis 3 (1.3%) 7 (2.5%) 0.34 11 (0.5%) 11 (0.5%) 0.94 0.44
  All-cause mortality 6 (2.6%) 11 (3.8%) 0.42 18 (0.8%) 16 (0.8%) 0.8 0.46

Bleeding events
  Major/minor bleeding 10 (4.3%) 7 (2.6%) 0.25 20 (1%) 21 (1%) 0.79 0.24
  Major bleeding 6 (2.6%) 4 (1.5%) 0.34 14 (0.7%) 16 (0.8%) 0.64 0.26
  Minor bleeding 4 (1.7%) 4 (1.4%) 0.78 6 (0.3%) 6 (0.3%) 0.95 0.84
  BARC 2,3,5 bleeding 15 (6.6%) 9 (3.3%) 0.08 36 (1.7%) 34 (1.7%) 0.92 0.13
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post-procedural MI, and in-stent thrombosis) in patients with 
CKD. In a single-center study looking at both CYP2C19 
LOF status and on-treatment reactivity, Tabata et al. identi-
fied that residual platelet reactivity on clopidogrel, even in 
the setting of CYP2C19 LOF non-carrier, was higher among 
patients with CKD (21.7%) than in non-CKD patients (3.7%) 
[23]. Prior studies on platelet reactivity in the setting of tica-
grelor use have demonstrated sufficient suppression of plate-
let activity in CKD as compared to non-CKD patients [25, 

26]; however, in CKD patients on hemodialysis, persistent 
high platelet reactivity was seen despite prolonged duration 
of ticagrelor therapy [27, 28]. It is therefore possible that 
factors other than genotype are involved in thrombotic risk 
in patients with CKD that are not fully amenable to P2Y12 
inhibition [7]. Studies in animals and humans have demon-
strated the role of uremic retention toxins (indoxyl sulfate) as 
a potential mediator of platelet hyperactivation, independent 
of pathways inhibited by P2Y12 inhibitors and aspirin [29, 

Fig. 1   a Spline curve for 
primary outcome by baseline 
estimate glomerular filtration 
rate. b Spline curve for bleeding 
events by baseline estimated 
glomerular filtration rate
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Limitations

The current analysis should be considered in the context 
of some limitations. This was a post hoc analysis within 
the cohort of a randomized controlled trial; thus, residual 
confounding cannot be fully eliminated. Some findings of 
statistical significance may be related to multiple compari-
sons; the current analyses were not adjusted for multiple 

comparisons and therefore are only hypothesis generating. 
The small number with CKD patients limits more detailed 
exploration of subgroups within the CKD population. The 
current CKD population consisted primarily of mild to 
moderate renal function decline (eGFR of approximately 
48–50 ml/min/1.73 m2); extrapolation to patients with more 
advanced CKD, requiring dialysis therapy, or have a kid-
ney transplant is not possible. Missing values for serum 

Fig. 2   a Interaction between 
randomized study arm and CKD 
status for various outcomes/
safety parameters in all rand-
omized subjects. b Outcomes 
and interaction of treatment 
strategy by CKD status in those 
with CYP2C19 LOF mutation
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creatinine concentration possibly resulted in reduced power 
to detect differences in the subgroups. The mix of CKD 
patients with stable and acute coronary syndromes, and 
inability to distinguish relative merits or harms within either 
group, necessitates more comprehensive evaluation within 
each sub-group.

Conclusion

This secondary analysis of the TAILOR-PCI cohort of 
patients with and without CKD suggested no interaction 
between CKD status and GG strategy for the primary out-
come. Patients with CKD demonstrate persistent thrombotic 
risk despite dual antiplatelet therapy, and rates of throm-
botic events and bleeding remain higher than seen in patients 
without CKD. However, when a GG strategy is employed 
to escalate P2Y12 inhibitor therapy post-PCI (ticagrelor in 
CYP2C19 loss of function carriers) among patients with 
CKD, there was no evidence of an increased risk of bleed-
ing as compared to standard therapy with clopidogrel. Thus, 
based on this finding, larger studies in the CKD population 
are not precluded by safety concerns.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10557-​022-​07392-2.

Author Contribution  Conceived study, initial analytic plan, preparation 
of initial draft, revised draft, and approval of final draft: ROM, MSS, 
RL, MEF, NP.

Critical role in interpreting data, reviewed and contributed to all 
revisions of the draft, and final approval of the draft: CSR, ME-H, NY, 
RL, KA-N, SW, FO’C, VM, JL, KM, JG, VD, DS, SG, YDR.

Funding  The parent trial was funded by the National Institutes of 
Health/National Heart Lung and Blood Institute of Health grants 
U01HL128606 and U01HL128626.

Data Availability  The data utilized for this analysis is currently not 
available for sharing.

Declarations 

Ethics Approval  This study was performed in line with the principles of 
the Declaration of Helsinki. Approval was granted by the Ethics Com-
mittees/Institutional Review Boards of all participating sites.

Consent to Participate  Informed consent was obtained from all indi-
vidual participants included in the study.

Competing Interests  Roy O. Mathew, MD: No relevant disclosures.

Mandeep S. Sidhu, MD, MBA: Astra Zeneca 2019 SAB, Sanofi-Re-
generon 2019 SAB.
Michael E. Farkouh, MD: research support from Amen, Novartis and 
Novo Nordisk.
Charanjit S. Rihal, MD: No disclosures.
Ryan Lennon, MS: No disclosures.
Mohammad El-Hajjar, MD: No disclosures.
Neil Yager, DO: No disclosures.

Radmila Lyubarova, MD: No disclosures.
Yves Rosenberg, MD: No disclosures.
Khaled Abdul-Nour, MD: No disclosures.
Steven Weitz, MD: No disclosures.
D. Fearghas O’Cochlain, MD: No disclosures.
Vishu Murthy, MD: No disclosures.
Justin Levisay, MD: Previous proctoring relationship with Boston Sci-
entific which has ceased with the Lotus valve being pulled from the 
Market.
Kevin Marzo, MD: No disclosures.
John J. Graham, MD: Honoraria: Astra Zeneca, Teleflex Medical, Bos-
ton Scientific.
Vladimír Džavík, MD: No relevant disclosures.
Derek So, MD: He has received unrestricted grant support (physician-
initiated grant) from Eli Lilly Canada; is a member of the advisory 
board and has received honoraria from AstraZeneca Canada; is a mem-
ber of the advisory board for Bayer Canada; has received unrestricted 
grant support (physician-initiated grant) from Spartan Biosciences; has 
received unrestricted grant support (physician-initiated grant) from 
Aggredyne; and has received unrestricted grant support (physician-
initiated grant) from Diapharma/Roche Diagnostics.
Shaun Goodman, MD: Shaun G. Goodman reports research grant sup-
port (e.g., steering committee or data and safety monitoring commit-
tee) and/or speaker/consulting honoraria (e.g., advisory boards) from: 
Amgen, Anthos Therapeutics, AstraZeneca, Bayer, Boehringer Ingel-
heim, Bristol Myers Squibb, CSL Behring, Daiichi-Sankyo/American 
Regent, Eli Lilly, Esperion, Ferring Pharmaceuticals, HLS Therapeu-
tics, JAMP Pharma, Merck, Novartis, Novo Nordisk A/C, Pendopharm/
Pharmascience, Pfizer, Regeneron, Sanofi, Servier, Valeo Pharma; 
and salary support/honoraria from the Heart and Stroke Foundation of 
Ontario/University of Toronto (Polo) Chair, Canadian Heart Research 
Centre and MD Primer, Canadian VIGOUR Centre, Cleveland Clinic 
Coordinating Centre for Clinical Research, Duke Clinical Research In-
stitute, New York University Clinical Coordinating Centre, PERFUSE 
Research Institute, TIMI Study Group (Brigham Health).
Naveen Pereira, MD: Funding for this research was provided by the 
NIH (grants U01HL128606 and U01HL128626).

Disclaimer  Its contents are solely the responsibility of the authors and 
do not necessarily represent official views of the Department of Vet-
erans Affairs, National Heart, Lung, and Blood Institute, the National 
Institutes of Health, or the Department of Health and Human Services. 
Parts of this manuscript were presented as a recorded abstract for the 
American College of Cardiology Scientific Session 2021.

References

	 1.	 Åkerblom A, Wallentin L, Siegbahn A, et al. Cystatin C and esti-
mated glomerular filtration rate as predictors for adverse outcome 
in patients with ST-elevation and non-ST-elevation acute coronary 
syndromes: results from the platelet inhibition and patient out-
comes study. Clin Chem. 2012 Jan; 58(1):190–9. Available from: 
https://​pubmed.​ncbi.​nlm.​nih.​gov/​22126​936/

	 2.	 Cilia L, Sharbaugh M, Marroquin OC, et al. Impact of chronic kid-
ney disease and anemia on outcomes after percutaneous coronary 
revascularization. Am J Cardiol. 2019;124(6):851–6.

	 3.	 Watanabe Y, Mitomo S, Naganuma T, et al. Impact of chronic 
kidney disease in patients with diabetes mellitus after percutane-
ous coronary intervention for left main distal bifurcation (from 
the Milan and New–Tokyo (MITO) Registry). Am J Cardiol. 2021 
[cited 2021 Feb 7];138:33–9. Available from: https://​pubmed.​
ncbi.​nlm.​nih.​gov/​33058​802/

https://doi.org/10.1007/s10557-022-07392-2
https://pubmed.ncbi.nlm.nih.gov/22126936/
https://pubmed.ncbi.nlm.nih.gov/33058802/
https://pubmed.ncbi.nlm.nih.gov/33058802/


	 Cardiovascular Drugs and Therapy

1 3

	 4.	 Lin MJ, Yang WC, Chen CY, et al. Hypertension and chronic 
kidney disease affect long-term outcomes in patients with stable 
coronary artery disease receiving percutaneous coronary interven-
tion. Sci Rep. 2018;8(1):17673.

	 5.	 Natsuaki M, Morimoto T, Yamaji K, et al. Prediction of throm-
botic and bleeding events after percutaneous coronary interven-
tion: CREDO-Kyoto thrombotic and bleeding risk scores. J Am 
Heart Assoc [Internet]. 2018;7:e008708.

	 6.	 Siddiqi OK, Smoot KJ, Dufour AB, et al. Outcomes with pro-
longed clopidogrel therapy after coronary stenting in patients with 
chronic kidney disease. Heart [Internet]. BMJ Publishing Group 
Ltd and British Cardiovascular Society; 2015 [cited 2020 Aug 
18];101:1569–76. Available from: http://​www.​ncbi.​nlm.​nih.​gov/​
pubmed/​26209​334

	 7.	 Breet NJ, de Jong C, Bos WJ, et al. The impact of renal function 
on platelet reactivity and clinical outcome in patients undergoing 
percutaneous coronary intervention with stenting. Thromb Hae-
most Germany. 2014;112:1174–81.

	 8.	 Wu Y, Song Y, Pan Y, Gong Y, Zhou Y. High on-clopidogrel 
platelet reactivity and chronic kidney disease: a meta-analysis of 
literature studies. Scand Cardiovasc J. 2019 [cited 2022 Sep 30]. 
p. 55–61. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​30909​
763/

	 9.	 Triska J, Maitra N, Deshotels MR, et al. A comprehensive review 
of the pleiotropic effects of ticagrelor. Cardiovasc Drugs Ther. 
2022.

	10	 Pereira NL, Rihal CS, So DYF, et al. Clopidogrel pharmacogenet-
ics. State-of-the-Art Review and the TAILOR-PCI Study. Circ 
Cardiovasc Interv. 2019;12:e007811.

	11.	 Pereira NL, Farkouh ME, So D, et al. Effect of genotype-guided 
oral P2Y12 inhibitor selection vs conventional clopidogrel ther-
apy on ischemic outcomes after percutaneous coronary inter-
vention: the TAILOR-PCI randomized clinical trial. JAMA. 
2020;324(8):761–71.

	12.	 Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A 
more accurate method to estimate glomerular filtration rate from 
serum creatinine: a new prediction equation. Ann Intern Med. 
1999 [cited 2021 Feb 24];130:461–70. Available from: https://​
pubmed.​ncbi.​nlm.​nih.​gov/​10075​613/

	13.	 Firth D. Bias reduction of maximum likelihood estimates. Biom-
etrika. 1993 [cited 2021 Dec 1];80:27–38. Available from: https://​
acade​mic.​oup.​com/​biomet/​artic​le/​80/1/​27/​228364

	14.	 Stanifer JW, Charytan DM, White J, et al. Benefit of ezetimibe 
added to simvastatin in reduced kidney function. J Am Soc Neph-
rol. 2017;28:3034–43. Available from: http://​jasn.​asnjo​urnals.​org/​
conte​nt/​28/​10/​3034.​abstr​act

	15.	 James S, Budaj A, Aylward P, et al. Ticagrelor versus clopidogrel 
in acute coronary syndromes in relation to renal function: results 
from the platelet inhibition and patient outcomes (PLATO) trial. 
Circulation. 2010 [cited 2021 Feb 24];122:1056–67. Available 
from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​20805​430/

	16.	 Konstantinidis I, Nadkarni GN, Yacoub R, et al. Representation of 
patients with kidney disease in trials of cardiovascular interven-
tions: an updated systematic review. JAMA Intern Med American 
Medical Association. 2016;176(1):121–4.

	17.	 Liang J, Wang Z, Shi D, et al. High clopidogrel dose in patients 
with chronic kidney disease having clopidogrel resistance after 
percutaneous coronary intervention. Angiology. 2015; 66:319–25. 
Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​24913​197/

	18.	 Collet J-P, Cuisset T, Rangé G, et al. Bedside monitoring to adjust 
antiplatelet therapy for coronary stenting. N Engl J Med. 2012 
[cited 2021 Jul 15];367:2100–9. Available from: https://​pubmed.​
ncbi.​nlm.​nih.​gov/​23121​439/

	19.	 Price MJ, Berger PB, Teirstein PS, et al. Standard- vs high-dose 
clopidogrel based on platelet function testing after percutane-
ous coronary intervention: the GRAVITAS randomized trial. 

JAMA; 2011 [cited 2021 Jul 15];305:1097–105. Available from: 
https://​pubmed.​ncbi.​nlm.​nih.​gov/​21406​646/

	20.	 Sibbing D, Aradi D, Alexopoulos D, et al. Updated expert con-
sensus statement on platelet function and genetic testing for 
guiding P2Y12 receptor inhibitor treatment in percutaneous 
coronary intervention. JACC Cardiovasc. Interv. 2019 [cited 
2022 Sep 30]. p. 1521–37. Available from: https://​pubmed.​ncbi.​
nlm.​nih.​gov/​31202​949/

	21.	 Viviani Anselmi C, Briguori C, Roncarati R, et al. Routine 
assessment of on-clopidogrel platelet reactivity and gene 
polymorphisms in predicting clinical outcome following drug-
eluting stent implantation in patients with stable coronary 
artery disease. JACC Cardiovasc Interv; 2013 [cited 2021 Feb 
24];6:1166–75. Available from: https://​pubmed.​ncbi.​nlm.​nih.​
gov/​24262​617/

	22.	 Wu Y, Zhou Y, Pan Y, et al. Impact of CYP2C19 polymorphism in 
prognosis of minor stroke or TIA patients with declined eGFR on 
dual antiplatelet therapy: CHANCE substudy. Pharmacogenomics 
J. 2018 [cited 2020 Aug 17];18:713–20. Available from: https://​
www.​nature.​com/​artic​les/​s41397-​018-​0018-4.

	23.	 Tabata N, Hokimoto S, Akasaka T, et al. Chronic kidney disease 
status modifies the association of CYP2C19 polymorphism in 
predicting clinical outcomes following coronary stent implanta-
tion. Thromb Res. 2014 [cited 2020 Nov 4];134:939–44. Available 
from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​25201​060/

	24.	 Wang W, Shao C, Xu B, et al. CYP2C19 genotype has prognostic 
value in specific populations following coronary stenting. Ann 
Transl Med. 2021 [cited 2022 Feb 24];9:1066–1066. Available 
from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​34422​978/

	25.	 Wang H, Qi J, Li Y, et al. Pharmacodynamics and pharmacokinet-
ics of ticagrelor vs . clopidogrel in patients with acute coronary 
syndromes and chronic kidney disease. Br J Clin Pharmacol. 2018 
[cited 2020 Aug 17];84:88–96. Available from: http://​doi.​wiley.​
com/

	26.	 Barbieri L, Pergolini P, Verdoia M, et al. Platelet reactivity in 
patients with impaired renal function receiving dual antiplatelet 
therapy with clopidogrel or ticagrelor. Vascul Pharmacol. 2016 
[cited 2021 Feb 25];79:11–5. Available from: https://​pubmed.​
ncbi.​nlm.​nih.​gov/​26518​440/

	27.	 Jeong KH, Cho JH, Woo JS, et al. Platelet reactivity after receiv-
ing clopidogrel compared with ticagrelor in patients with kidney 
failure treated with hemodialysis: a randomized crossover study. 
Am J Kidney Dis. 2015 [cited 2021 Feb 25];65:916–24. Available 
from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​25622​774/

	28.	 Alexopoulos D, Xanthopoulou I, Plakomyti TE, Goudas P, 
Koutroulia E, Goumenos D. Ticagrelor in clopidogrel-resistant 
patients undergoing maintenance hemodialysis. Am J Kidney Dis. 
2012 [cited 2021 Feb 25]. p. 332–3. Available from: https://​pub-
med.​ncbi.​nlm.​nih.​gov/​22658​575/

	29.	 Ravid JD, Chitalia VC. Molecular mechanisms underlying 
the cardiovascular toxicity of specific uremic solutes. Cells. 
2020;9(9):2024.

	30.	 Yang K, Du C, Wang X, et al. Indoxyl sulfate induces platelet 
hyperactivity and contributes to chronic kidney disease-associated 
thrombosis in mice. Blood. 2017;129:2667–79. Available from: 
https://​pubmed.​ncbi.​nlm.​nih.​gov/​28264​799/

	31.	 Yeh RW, Kereiakes DJ, Steg PG, et al. Benefits and risks of 
extended duration dual antiplatelet therapy after PCI in patients 
with and without acute myocardial infarction. J Am Coll Cardiol. 
2015 [cited 2021 Mar 30];65:2211–21. Available from: https://​
pubmed.​ncbi.​nlm.​nih.​gov/​25787​199/

	32.	 Galli M, Benenati S, Capodanno D, et al. Guided versus standard 
antiplatelet therapy in patients undergoing percutaneous coronary 
intervention: a systematic review and meta-analysis. Lancet. 2021 
[cited 2022 Feb 21];397:1470–83. Available from: https://​pub-
med.​ncbi.​nlm.​nih.​gov/​33865​495/

http://www.ncbi.nlm.nih.gov/pubmed/26209334
http://www.ncbi.nlm.nih.gov/pubmed/26209334
https://pubmed.ncbi.nlm.nih.gov/30909763/
https://pubmed.ncbi.nlm.nih.gov/30909763/
https://pubmed.ncbi.nlm.nih.gov/10075613/
https://pubmed.ncbi.nlm.nih.gov/10075613/
https://academic.oup.com/biomet/article/80/1/27/228364
https://academic.oup.com/biomet/article/80/1/27/228364
http://jasn.asnjournals.org/content/28/10/3034.abstract
http://jasn.asnjournals.org/content/28/10/3034.abstract
https://pubmed.ncbi.nlm.nih.gov/20805430/
https://pubmed.ncbi.nlm.nih.gov/24913197/
https://pubmed.ncbi.nlm.nih.gov/23121439/
https://pubmed.ncbi.nlm.nih.gov/23121439/
https://pubmed.ncbi.nlm.nih.gov/21406646/
https://pubmed.ncbi.nlm.nih.gov/31202949/
https://pubmed.ncbi.nlm.nih.gov/31202949/
https://pubmed.ncbi.nlm.nih.gov/24262617/
https://pubmed.ncbi.nlm.nih.gov/24262617/
https://www.nature.com/articles/s41397-018-0018-4
https://www.nature.com/articles/s41397-018-0018-4
https://pubmed.ncbi.nlm.nih.gov/25201060/
https://pubmed.ncbi.nlm.nih.gov/34422978/
http://doi.wiley.com/
http://doi.wiley.com/
https://pubmed.ncbi.nlm.nih.gov/26518440/
https://pubmed.ncbi.nlm.nih.gov/26518440/
https://pubmed.ncbi.nlm.nih.gov/25622774/
https://pubmed.ncbi.nlm.nih.gov/22658575/
https://pubmed.ncbi.nlm.nih.gov/22658575/
https://pubmed.ncbi.nlm.nih.gov/28264799/
https://pubmed.ncbi.nlm.nih.gov/25787199/
https://pubmed.ncbi.nlm.nih.gov/25787199/
https://pubmed.ncbi.nlm.nih.gov/33865495/
https://pubmed.ncbi.nlm.nih.gov/33865495/


Cardiovascular Drugs and Therapy	

1 3

	33.	 Pereira NL, Rihal C, Lennon R, et al. Effect of CYP2C19 geno-
type on ischemic outcomes during oral P2Y12 inhibitor therapy: 
a meta-analysis. JACC Cardiovasc Interv. 2021 [cited 2022 Feb 
21];14:739–50. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​
33744​207/

	34.	 Condello F, Sturla M, Terzi R, Polimeni A, Stefanini GG. Walk-
ing the line with ticagrelor: meta-analysis comparing the safety 
and efficacy of ticagrelor monotherapy after a short course of 
ticagrelor-based dual antiplatelet therapy versus standard ther-
apy in complex percutaneous coronary intervention. J Clin Med. 
2021;10(23):5506.

	35.	 Stefanini GG, Briguori C, Cao D, et al. Ticagrelor monotherapy 
in patients with chronic kidney disease undergoing percutaneous 
coronary intervention: TWILIGHT-CKD. Eur Heart J. 2021 [cited 
2022 Sep 30];42:4683–93. Available from: https://​pubmed.​ncbi.​
nlm.​nih.​gov/​34423​374/

	36.	 Limdi NA, Cavallari LH, Lee CR, et al. Cost-effectiveness of 
CYP2C19-guided antiplatelet therapy in patients with acute coro-
nary syndrome and percutaneous coronary intervention informed 
by real-world data. Pharmacogenomics J. 2020 [cited 2022 Sep 

30];20:724–35. Available from: https://​pubmed.​ncbi.​nlm.​nih.​gov/​
32042​096/

	37.	 Kuno T, Fujisaki T, Shoji S, et al. Comparison of unguided de-
escalation versus guided selection of dual antiplatelet therapy after 
acute coronary syndrome: a systematic review and network meta-
analysis. Circ Cardiovasc Interv. 2022;15(8):e011990.

	38.	 Condello F. Uncertainties about platelet function and genetic test-
ing for guiding dual antiplatelet therapy in percutaneous coronary 
intervention J Thromb Thrombolysis. 2022 Feb; 53(2): 514–6. 

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Roy O. Mathew1 · Mandeep S. Sidhu2   · Charanjit S. Rihal3 · Ryan Lennon4 · Mohammed El‑Hajjar2 · Neil Yager2 · 
Radmila Lyubarova2 · Khaled Abdul‑Nour5 · Steven Weitz6 · D. Fearghas O’Cochlain7 · Vishakantha Murthy8 · 
Justin Levisay9 · Kevin Marzo10 · John Graham11 · Vlad Dzavik12 · Derek So13 · Shaun Goodman11 · 
Yves D. Rosenberg14 · Naveen Pereira3 · Michael E. Farkouh12

1	 Department of Medicine, Loma Linda VA Health Care 
System, 11201 Benton Street, Loma Linda, CA 92357, USA

2	 Department of Medicine, Albany Medical College, 43 New 
Scotland Avenue Albany, Schenectady, NY 12208, USA

3	 Department of Medicine, Mayo Clinic, Rochester, MN, USA
4	 Department of Quantitative Health Sciences, Mayo Clinic, 

Rochester, MN, USA
5	 Henry Ford Health System, Detroit, MI, USA
6	 Cardiology Associates of Schenectady, Schenectady, NY, 

USA
7	 Department of Medicine, May Clinic Health System, 

Eau Claire, WI, USA
8	 Department of Endocrine and Cardiovascular Diseases, Mayo 

Clinic, Rochester, MN, USA

9	 Department of Medicine, North Shore University Health 
System, Evanston, IL, USA

10	 Department of Medicine, Winthrop University Hospital, 
Mineola, NY, USA

11	 Department of Medicine, St. Michael’s Hospital, Toronto, 
ON, Canada

12	 Department of Medicine, University Health Network-Toronto 
General Hospital, Toronto, ON, Canada

13	 Department of Medicine, University of Ottawa Heart 
Institute, Ottawa, ON, Canada

14	 National Heart Lung and Blood Institute, Bethesda, MD, 
USA

https://pubmed.ncbi.nlm.nih.gov/33744207/
https://pubmed.ncbi.nlm.nih.gov/33744207/
https://pubmed.ncbi.nlm.nih.gov/34423374/
https://pubmed.ncbi.nlm.nih.gov/34423374/
https://pubmed.ncbi.nlm.nih.gov/32042096/
https://pubmed.ncbi.nlm.nih.gov/32042096/
http://orcid.org/0000-0001-6440-8492

