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Background: Associations between D-dimer and outcomes of patients with acute coronary syndrome (ACS) remain controversial.
Using age-adjusted D-dimer cutoff thresholds improve the diagnostic accuracy for thrombotic diseases. This study aimed to investigate
the prognostic value of age-adjusted D-dimer in ACS patients treated by percutaneous coronary intervention (PCI).
Methods: A total of 3972 consecutive patients with ACS treated by PCI were retrospectively recruited. The basal age-adjusted
D-dimer threshold was 500 ng/mL and was calculated as age × 10 in patients older than 50 years. Cox regression was used for
outcome analysis. C-index, net reclassification index (NRI), and integrated discrimination improvement (IDI) were calculated to assess
the additional prognostic value of age-adjusted D-dimer when combined with established clinical risk factors. The primary outcome
was all-cause death.
Results: During a median follow-up of 720 days, a total of 225 deaths occurred. High D-dimer level, as defined by age-adjusted
thresholds, was an independent predictor for all-cause death (hazard ratio [HR]: 1.75, 95% confidence interval [CI]: 1.32–2.31, P <
0.001), cardiac death (HR: 1.84, 95% CI: 1.30–2.60, P = 0.001), and MACE (HR: 1.48, 95% CI: 1.19–1.83, P < 0.001). Sensitivity and
subgroup analysis showed that high D-dimer levels were constantly associated with worse outcomes across common risk factors and
comorbidities. Besides, age-adjusted elevation of D-dimer significantly improved the risk predictions for all-cause death when added
to the model of established risk factors (C-index: 0.846 vs 0.838, Δ C-index: 0.008, 95% CI: 0.001–0.015, Pdifference = 0.027; NRI:
0.645, 95% CI: 0.464–0.826, P < 0.001; IDI: 0.008, 95% CI: 0.001–0.017, P = 0.048).
Conclusion: In ACS patients treated by PCI, age-adjusted elevation of D-dimer was an independent predictor for adverse outcomes
and improved the risk predictions for long-term mortality.
Keywords: D-dimer, aging, acute coronary syndrome, percutaneous coronary intervention, PCI, ACS

Introduction
As the degradation product from cross-linked fibrin, D-dimer has been commonly used for diagnosis and outcome
predictions of thrombotic and vascular diseases.1,2 Recent studies show that D-dimer level is associated to outcomes of
patients with stable coronary heart disease (CHD) treated by percutaneous coronary intervention (PCI), and could
improve the risk predictions for long-term adverse events.3,4 However, prognostic value of D-dimer remained contro-
versial in the context of acute coronary syndrome (ACS), as previous studies report huge variations regarding cutoff
thresholds to define high-risk population, hazards associated with D-dimer elevation, and its efficacy to improve risk
predictions.5–13 One of the reasons preventing risk stratification based on D-dimer is the confounding due to aging. The
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levels of D-dimer gradually increase along with aging not only in normal population,14,15 but also for those with CHD.16

In this scenario, higher mortality and risk of ischemia indicated by elevations of D-dimer could be actually due to aging
itself, which attenuates the value of D-dimer as a biomarker for clinical diagnosis and risk predictions.

To solve this problem, age-adjusted D-dimer thresholds have been proposed in daily clinical practice. This set of
cutoff thresholds is calibrated by adding 10 ng/mL per 1 year-old increment of age to the base of 500 ng/mL for patients
over 50 years old, which proves to be a convenient and effective approach for the diagnosis and risk stratifications of
thrombotic diseases (e.g., pulmonary embolization [PE], deep vein thrombosis [DVT]).1,2,17,18 Adjusting D-dimer
thresholds by age could be a solution for its application in ACS patients, but relevant evidence is so far limited. To
assess the practicability of risk prediction based on age-adjusted D-dimer thresholds, the current study has investigated
the followings: (1) relations between age and D-dimer levels after ACS treated by PCI, (2) associations between adverse
outcomes and D-dimer elevation defined by age-adjusted thresholds, and (3) whether age-adjusted elevation of D-dimer
could improve the risk predictions when combined with established clinical risk factors.

Methods
Study Cohort
This retrospective cohort study was based on a cohort in a large-volume PCI center at a national tertiary care institute
specializing in cardiovascular diseases (Fuwai Hospital, Beijing, China), which has enrolled all patients undergoing
coronary angiography and PCI procedures (emergent or selective).13 ACS was diagnosed and classified according to
guidelines and universal definitions up to date, including criteria of clinical presentations, typical characteristics on
electrocardiography, dynamical changes of cardiac enzymes, and imaging evidence.19–21 The ST-segment elevation
myocardial infarction (STEMI) was identified by acute chest pain and persistent (> 20 min) ST-segment elevation,
while the non-ST-elevation ACS was identified by acute chest discomfort without persistent ST-segment elevation. All
the patients diagnosed with ACS and subsequently undergoing emergent coronary angiography and PCI were included in
this study, while those with thrombotic diseases diagnosed during the index hospitalization (i.e., PE, DVT, arterial
thrombosis, mural thrombus, and thrombophlebitis) or no follow-up records were excluded. The study was performed in
accordance with principles set forth in the Declaration of Helsinki, and was approved by the Ethics Committee of Fuwai
Hospital, Peking Union Medical College and Chinese Academy of Medical Sciences (No. 2014-564). All patients had
signed the written informed consents during hospitalizations regarding the use of clinical data for the purpose of scientific
research by the institute.

Coronary Angiography and PCI Procedure
Generally, emergent coronary angiography and PCI procedures were performed through radial access. During the
procedure, heparin was routinely administered with the dosage of 100 IU/kg. Thrombolysis in Myocardial Infarction
(TIMI) grading system was used to assess the antegrade blood flow of the target lesion. The use of certain PCI techniques
and relevant devices (e.g., stenting, balloon dilation, thrombus aspiration, intra-aortic balloon pump) were discussed
during the procedures and decided by the operators. After the PCI procedures, patients were subsequently transferred to
the coronary care unit for further monitoring.

Measurements of D-Dimer
Blood samples for measurements of D-dimer were routinely collected via the cubital vein as soon as patients were
admitted into the coronary care unit after the PCI procedure. Plasma D-dimer level was measured using immunoassay
turbidimetry (STA Compact Assay Instrument, Diagnostica Stago Inc, France). Age-adjusted D-dimer threshold was 500
ng/mL (fibrinogen-equivalent units) for patients less than 50 years old, and was calculated as age × 10 ng/mL for patients
older than 50 years old. High D-dimer level was defined by an elevation of D-dimer surpassing the age-adjusted
thresholds.
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Outcomes and Follow-Up
The primary outcome for this study was all-cause death. The secondary outcomes included cardiac death and major
adverse cardiovascular events (MACE), a composite of all-cause death, recurrent myocardial infarction, and ischemic
stroke. The patient would be routinely followed up at 1, 6, and 12 months after discharge, either by outpatient visits or
phone call interview. Follow-up was also performed during rehospitalizations and outpatient visits at the institute due to
adverse events or re-examinations. For those who survived more than a year, the subsequent follow-up would be made
annually. A group of three physicians routinely assessed the reported adverse events.

Statistical Analysis
Restrictive cubic spline (RCS) was used to detect the possible nonlinear association between age and D-dimer levels after
ACS. Univariable Cox regression was used to assess the association between levels of D-dimer and clinical outcomes,
followed by multiple adjustments for established risk factors of adverse events after ACS and PCI,19,21 including age,
sex, diabetes, hypertension, peripheral artery diseases, diagnosis of STEMI, atrial fibrillation, old myocardial infarction,
history of stroke, incidence of cardiac arrest, ejection fraction (EF), creatinine, peak value of cardiac troponin I, low-
density lipoprotein cholesterol, high-sensitivity C-reactive protein (hsCRP), culprit lesion, multivessel disease, pre- and
post-procedure TIMI flow, and door-to-balloon time. To evaluate the additional prognostic value of age-adjusted
elevation of D-dimer when incorporated to models established by clinical risk factors, the C-index, net reclassification
index (NRI), and integrated discrimination improvement (IDI) were calculated for the primary outcome. C-index was
calculated and compared as described by Newson,22 where Somer’s D of the model was firstly generated and then
transformed into Harrell’s C. As there are no pre-defined clinical risk thresholds for models including age-adjusted
D-dimer, continuous NRI and IDI was calculated at the median follow-up. NRI and IDI calculation was performed with
a Stata add-on based on the methods developed by Pencina et al.23,24 Details of sample size calculations are shown in
Supplementary Figure 1. Categorical variables are presented as numbers (%) and analyzed with chi-square test.
Continuous variables are presented using mean ± SD if they follow the normal distribution and tested with Student’s
t-test. Otherwise, they are presented as medians with 25th and 75th percentiles and tested by Wilcoxon rank sum tests.
Multiple imputations were performed for missing values of lab test results using the mi command in Stata. All the
statistical analyses were performed using Stata (version 15.0, StataCorp, College Station, TX, USA). A P-value < 0.05
was considered statistically significant.

Results
Patient Cohort and Baseline Characteristics
From January 2010 to June 2017, a total of 4151 patients had been admitted to the institute to receive emergent coronary
angiography and PCI due to ACS. Among these patients, 86 (2.1%) patients were diagnosed with thrombotic diseases
during the index hospitalization, and 93 (2.2%) patients did not have follow-up records in any forms (i.e., phone-call
interview, outpatient visits, or re-hospitalizations at the institute). Finally, a total of 3972 (95.7%) patients were included
in the current analysis. The baseline characteristics are shown in Table 1. The patient mean age was 59.0 ± 11.9 years,
and 78.9% of the patients were male. Overall, the level of post-procedural D-dimer was 330 (220–590) ng/mL.
Regression using RCS methods depicted a nonlinear association (P nonlinearity = 0.009) between D-dimer and age
(Figure 1). The post-PCI D-dimer level after ACS was similar in younger ages, but began to increase along with
aging at around 55 to 60 years old. According to the age-adjusted thresholds, 914 (23.0%) patients were defined to have
high D-dimer levels. According to the sample size curve (Supplementary Figure 1), the current sample size was adequate
to detect a hazard increase of 50% to two folds at a power of 80% for a two-sided Log rank test with α = 0.05. Patients
with high D-dimer tended to be older, female, more often complicated with hypertension, atrial fibrillation, peripheral
artery disease, previous strokes, tumors, and worse hemodynamics, along with higher levels of creatinine and hsCRP.
Right coronary artery (41.1%) and left anterior descending artery (42.6%) constituted the major culprit lesions for
patients with D-dimer elevation, while both the pre- and post-procedure antegrade coronary blood flow was worse if
D-dimer was elevated. Moreover, patients with high D-dimer received more invasive treatments of intra-aortic balloon
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Table 1 Baseline Characteristics of Study Patients According to D-Dimer Levels Defined by Age-Adjusted Thresholds

Variables Overall (N=3972) Low D-Dimer
(N=3058)

High D-Dimer
(N=914)

P-value

Age, years 59.0 ± 11.9 58.3 ± 11.8 61.4 ± 12.2 <0.001

Male sex, n (%) 3132 (78.9) 2485 (81.3) 647 (70.8) <0.001

Diabetes mellitus, n (%) 1299 (32.7) 989 (32.3) 310 (33.9) <0.37
Hypertension, n (%) 2429 (61.2) 1835 (60.0) 594 (65.0) 0.007

Atrial fibrillation, n (%) 227 (5.7) 138 (4.5) 89 (9.7) <0.001

Peripheral artery diseases, n (%) 159 (4.0) 102 (3.3) 57 (6.2) <0.001
Old myocardial infarction, n (%) 537 (13.5) 400 (13.1) 137 (15.0) 0.14

History of stroke, n (%) 531 (13.4) 363 (11.9) 168 (18.4) <0.001
History of CABG or PCI, n (%) 583 (14.7) 449 (14.7) 134 (14.7) 0.99

STEMI, n (%) 3467 (87.3) 2649 (86.6) 818 (89.5) 0.022

Tumor diseases, n (%) 81 (2.0) 54 (1.8) 27 (3.0) 0.026
Liver diseases, n (%) 570 (14.4) 453 (14.8) 117 (12.8) 0.13

COPD, n (%) 32 (0.8) 24 (0.8) 8 (0.9) 0.79

Hemodynamics

Heart rate, bpm 77.4 ± 15.2 76.1 ± 14.2 81.6 ± 17.7 <0.001
Systolic blood pressure, mmHg 125.7 ± 18.3 125.0 ± 18.1 123.7 ± 19.2 0.060

EF, % 53.8 ± 7.6 54.5 ± 7.1 51.5 ± 8.7 <0.001

Cardiac arrest, n (%) 144 (3.6) 81 (2.6) 63 (6.9) <0.001

Laboratory tests

D-dimer, ng/mL 330 (220–590) 270 (200–380) 1050 (790–1800) <0.001

LDL-C, mmol/L 2.7 ± 0.9 2.7 ± 0.9 2.8 ± 1.0 0.27

hsCRP, mg/L 7.16 (2.75–12.03) 5.24 (2.50–11.70) 10.73 (4.00–12.86) <0.001
Creatinine, μmoI/L 82.0 ± 25.1 80.5 ± 21.3 86.8 ± 34.5 <0.001

Peak cTnI, ng/mL 2.505 (0.441–10.803) 2.370 (0.424–9.850) 3.390 (0.509–17.500) <0.001

Coronary angiographic findings

Culprit lesion, n (%)
Left main artery 95 (2.4) 63 (2.1) 32 (3.5) 0.002

Left anterior descending artery 1734 (43.7) 1345 (44.0) 389 (42.6)

Left circumflex 610 (15.4) 498 (16.3) 112 (12.3)
Right coronary artery 1515 (38.1) 1139 (37.2) 376 (41.1)

Bypass graft 18 (0.5) 13 (0.4) 5 (0.5)

Multi-vessel disease, n (%)
1-vessel disease 1002 (25.2) 784 (25.6) 218 (23.9) 0.51

2-vessel disease 1253 (31.5) 964 (31.5) 289 (31.6)

3-vessel disease 1717 (43.2) 1310 (42.8) 407 (44.5)
Pre-PCI TIMI 0 flow, n (%) 2607 (65.6) 1979 (64.7) 628 (68.7) 0.026

Post-PCI TIMI 3 flow, n (%) 3822 (96.2) 2953 (96.6) 869 (95.1) 0.038

Door-to-balloon time, mins 128 (95–202) 130 (95–208) 124 (90–189) 0.005
Stent placement, n (%) 3497 (88.0) 2726 (89.1) 771 (84.4) <0.001

Thrombus aspiration, n (%) 1649 (41.5) 1240 (40.5) 409 (44.7) 0.024

IABP, n (%) 381 (9.6) 205 (6.7) 176 (19.3) <0.001
Glycoprotein IIb/IIIa inhibitors, n (%) 534 (13.4) 408 (13.3) 126 (13.8) 0.73

Complete revascularization before discharge,

n (%)

1731 (43.6) 1369 (44.8) 362 (39.6) 0.006

(Continued)
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pump and thrombus aspiration, but less interventions of stent placements and complete revascularization. Regarding
medications, the use of aspirin, P2Y12 inhibitors, statins and β-blockers were slightly less frequent in patients with high
D-dimer, while the use of renin-angiotensin blockade medications was more prevalent in patients with lower D-dimer,
and the use of anticoagulants was similar between the two groups.

Associations Between Age-Adjusted Elevation of D-Dimer and Clinical Outcomes
During a median follow-up of 720 days, there were 225 deaths (5.7%, incidence rate [IR]: 17.60/1000-person–years
[PY]), 151 cardiac deaths (3.8%, IR: 11.81/1000 PY), and 408 MACEs (10.3%, IR: 31.91/1000 PY) in total. Associations
between D-dimer and various outcomes are shown in Table 2. Univariable analysis showed that high D-dimer level, as

Table 1 (Continued).

Variables Overall (N=3972) Low D-Dimer
(N=3058)

High D-Dimer
(N=914)

P-value

Medications

Aspirin, n (%) 3930 (98.9) 3034 (99.2) 896 (98.0) 0.002

P2Y12 inhibitors, n (%) 3936 (99.1) 3037 (99.3) 899 (98.4) 0.008

Statins, n (%) 3708 (93.4) 2869 (93.8) 839 (91.8) 0.031
ACEI/ARB, n (%) 2813 (63.4) 2234 (73.1) 579 (63.4) <0.001

β-blockers, n (%) 3468 (87.3) 2699 (88.3) 769 (84.1) 0.001

Anticoagulants, n (%) 19 (0.5) 17 (0.6) 2 (0.2) 0.195

Note: Medications typically referred to drugs prescribed at discharge, or otherwise, the drugs being used during hospitalization if patients died before discharge.
Abbreviations: ACEI/ARB, angiotensin-converting enzyme inhibitors and angiotensin receptor blockers, bpm, beats per minute; CABG, coronary artery bypass grafting;
COPD, chronic obstructive pulmonary disease; cTnI, cardiac troponin I; EF, ejection fraction; hsCRP, high sensitivity C-reactive protein; IABP, intra-aortic balloon pump; LDL-
C, low-density lipoprotein cholesterol; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction; TIMI flow, Thrombolysis In Myocardial
Infarction grade flow.

Figure 1 Relationship between post-procedural D-dimer and age in patients with acute coronary syndrome treated by percutaneous coronary intervention. Circle (⚪) =
actual D-dimer level, line = D-dimer levels predicted by restrictive cubic spline regression, dashed area = 95% confidence interval.
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defined by age-adjusted thresholds, was associated with substantially higher mortality and incidence of MACE. The
Kaplan-Meier survival analysis showed a significantly higher incidence of primary and secondary endpoint events (all
P log-rank < 0.001) in the group with high D-dimer levels (Figure 2). Associations between various outcomes and D-dimer
levels sustained after adjustments for established risk factors. Age-adjusted elevation of D-dimer was an independent
predictor for increased risk of all-cause death (HR:1.75, 95% CI:1.32–2.31, P < 0.001), cardiac death (HR: 1.84, 95% CI:
1.30–2.60, P = 0.001), and MACE (HR: 1.48, 95% CI: 1.19–1.83, P < 0.001). When treated as a continuous variable,
logarithmic D-dimer was still independently associated with higher incidence of adverse events. These associations
between D-dimer and various outcomes remained robust in models fully adjusted for all collected baseline variables.
Sensitivity analysis further showed that age-adjusted elevation of D-dimer was still associated with higher incidence of
adverse outcomes when patients with certain comorbidities and adverse events during the acute phase of the index ACS
were excluded (Supplementary Table 1).

According to the subgroup analysis for the primary outcome (Figure 3), the increase of hazards associated with age-
adjusted elevation of D-dimer was generally consistent across demographics and common comorbidities (e.g., age,

Table 2 Clinical Outcomes According to D-Dimer Levels Defined by Age-Adjusted Thresholds

Level of
D-Dimer

Incidence Rate
(/1000 PY)

Unadjusted HR
(95% CI)

P-value Model 1 HR
(95% CI)

P-value Model 2 HR
(95% CI)

P-value

All-cause death

Low D-dimer 12.24 1 (reference) - 1 (reference) - 1 (reference) -
High D-dimer 37.24 2.99 (2.30–3.88) <0.001 1.75 (1.32–2.31) <0.001 1.61 (1.20–2.15) 0.001

Log (D-dimer) - 1.68 (1.52–1.86) <0.001 1.28 (1.12–1.46) <0.001 1.22 (1.06–1.39) 0.004

Cardiac death

Low D-dimer 7.57 1 (reference) - 1 (reference) - 1 (reference) -

High D-dimer 27.38 3.51 (2.55–4.83) <0.001 1.84 (1.30–2.60) 0.001 1.67 (1.16–2.39) 0.006

Log (D-dimer) - 1.77 (1.57–2.00) <0.001 1.30 (1.10–1.53) 0.002 1.22 (1.03–1.45) 0.019

MACE

Low D-dimer 26.38 1 (reference) - 1 (reference) - 1 (reference) -

High D-dimer 52.21 1.98 (1.61–2.43) <0.001 1.48 (1.19–1.83) <0.001 1.38 (1.11–1.71) 0.004

Log (D-dimer) - 1.40 (1.29–1.52) <0.001 1.15 (1.04–1.27) 0.005 1.12 (1.01–1.24) 0.030

Notes: Model 1, adjusted for established risk factors, including age, sex, diabetes, hypertension, peripheral artery diseases, diagnosis of ST-segment elevation myocardial
infarction, atrial fibrillation, old myocardial infarction, history of stroke, incidence of cardiac arrest, ejection fraction, creatinine, peak value of cardiac troponin I, low-density
lipoprotein cholesterol, high-sensitivity C-reactive protein, culprit lesion, multivessel disease, pre- and post-procedure TIMI flow, door-to-balloon time; Model 2, adjusted for
all baseline variables.
Abbreviations: HR, hazard ratio; MACE, major adverse cardiovascular events; PY, person years; TIMI grade flow, Thrombolysis In Myocardial Infarction grade flow.

Figure 2 Kaplan-Meier survival curves of primary and secondary outcomes according to D-dimer levels. (A) Survival curves for the outcome of all-cause death. (B)
Survical curves for the outcome of cardiac death. (C) Survival curves for the outcome of MACE.
Abbreviation: MACE, major adverse cardiovascular events.
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Figure 3 Subgroup analysis for outcomes and D-dimer levels across common clinical risk factors. (A) Associations between age-adjusted elevation of D-dimer and all-cause
death. (B) Associations between age-adjusted elevation of D-dimer and cardiac death. (C) Associations between age-adjusted elevation of D-dimer and MACE. HR was
adjusted for established risk factors.
Abbreviations: CI, confidence interval; EF, ejection fraction; eGFR, estimated glomerular filtration rate; HR, hazard ratio; IR, incidence rate; MACE, major adverse
cardiovascular events; PY, person years; P int, P for interactions; STEMI, ST-segment elevation myocardial infarction; NSTE-ACS, non-ST-elevation acute coronary syndrome.
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gender, hypertension, diabetes, estimated glomerular filtration rate [eGFR] < 60 mL/ [min·1.73 m2], EF < 50%, types of
ACS). No significant interactions were observed between D-dimer levels and various subgroups (all P interaction > 0.05).
Similar results were observed for secondary outcomes, except significant interactions in terms of eGFR (P interaction =
0.038) for the endpoint of MACE, where patients with eGFR < 60 mL/min showed higher risk of MACE (HR: 1.73, 95%
CI: 1.13–2.67, P = 0.012), as compared to those with higher eGFR (≥ 60 mL/min, HR: 1.34, 95% CI: 1.03–1.74, P =
0.030).

Additional Prognostic Value of Age-Adjusted Elevation of D-Dimer
Prognostic accuracy for the primary outcome of all-cause death was assessed when age-adjusted elevation of D-dimer
was added to the model of established risk factors. The new model incorporating age-adjusted elevation of D-dimer
showed favorable performance (C-index: 0.846, 95% CI: 0.820–0.872, P < 0.001) for the prediction of all-cause death,
which was significantly better than that of the original model with established risk factors (C-index: 0.838, 95% CI:
0.811–0.865, P < 0.001; Δ C-index: 0.008, 95% CI: 0.001–0.015, P difference = 0.027). The NRI (0.645, 95% CI: 0.464–
0.826, P < 0.001) and IDI (0.008, 95% CI: 0.001–0.017, P = 0.048) also suggested that age-adjusted elevation of D-dimer
improved the risk predictions for long-term mortality.

Discussions
The major findings of this study are as follow. For ACS patients treated by PCI: (1) post-procedural D-dimer level was
nonlinearly associated with age, (2) the age-adjusted elevation of D-dimer, as defined by D-dimer levels higher than the
age-adjusted thresholds, was an independent predictor for mortality and MACE, and (3) age-adjusted D-dimer levels
(high vs. low) provided additional prognostic value when combined with established clinical risk factors.

Associations Between D-Dimer Levels and Age
Due to the changes in microcirculation and blood coagulation, the normal ranges of D-dimer level gradually increase
with aging in general population, which is also seen in patients with CHD.14–16 Recently, we have also demonstrated
that higher D-dimer levels were associated with worse outcomes in ACS-PCI patients, which could also improve the
long-term risk predictions.12,13 In this study, we furtherly showed that D-dimer levels after ACS were positively
correlated with age in a nonlinear pattern. According to RCS analysis, post-PCI D-dimer levels did not variate a lot in
younger ages, but start to increase over the age of 55 to 60. Hence, using different cutoff values according to patient
age could be a more reasonable way for applying D-dimer to risk stratifications in ACS patients, as it could help to
exclude low-risk elderly patients with apparent elevation of D-dimer. Notably, the median level of D-dimer was 330
(220–590) ng/mL, which was well below the threshold of 500 ng/mL to diagnose PE or DVT, but quite close to that of
stable CHD patients.3,25 These findings suggested that the intra-coronary thrombus might have posed limited impacts
on systemic levels of D-dimer, and the elevation of D-dimer was more of a reflection for intrinsic prothrombotic
tendency.

D-Dimer, Mortality, and Incidence of Cardiovascular Events
For a long time, D-dimer is considered too unspecific to use in clinical management of CHD.26,27 Although many studies
have shown that elevated D-dimer is associated to adverse events in CHD or ACS patients, conflicting results have been
reported due to high heterogeneity among studies, regarding clinical presentations of patients (e.g., chest pain, ACS, ST-
segment elevation ACS, etc.), treating strategies (e.g., PCI, coronary bypass grafting, noninvasive approaches), and
outcomes for analysis (e.g., no-reflow, death, in-hospital or long-term MACE).3–11,13 In studies supporting a positive role
of D-dimer, the thresholds to define an elevation vary from 436 to 1150 ng/mL, with huge variations in relative increase
of risk (1.83 to 10.1 folds) compared with the “reference group”.5–8,10,11,13 In this study, however, only ACS patients
treated by emergent PCI had been recruited, constituting a typical patient cohort following the mainstream and
standardized clinical practice. The relative risk increased for 75%, 84% and 48% in all-cause death, cardiac death, and
MACE, respectively, if the post-procedural D-dimer levels were higher than the age-adjusted thresholds, which was
generally equivalent to the risk increment of middle terciles or quartiles of D-dimer in previous studies.3,13,28 In sum, our
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results were generally in line with previous reports that D-dimer elevations could predict long-term adverse events after
ACS, while the highly homogenous patient profiles and large sample size increased the reliability of these findings.

As previous studies have been focusing on demonstrating the prognostic value of D-dimer, various percentiles have
been arbitrarily selected as the cut points to stratify patients into subgroups, which does not allow a unified definition of
high-risk population. In this study, D-dimer thresholds were allowed more flexibility due to the calibration of aging itself,
as well as potential impacts coming from relevant comorbidities commonly seen in the elderlies. Accordingly, the current
study reported a consistent increase of hazard for adverse events despite the impact of aging. In the subgroup analysis,
age-adjusted elevation of D-dimer was associated with 75% increase in risk of death for older (≥ 60 years old) patients,
and 95% increase for younger (< 60 years old) patients, while no interactions were detected (P interaction = 0.830).
Normally, patients with higher D-dimer tend to be older and complicated with more comorbidities, which naturally and
inevitably associates to higher mortality,14,15 while younger patients with elevated risk of thrombosis might be neglected,
as they are automatically classified as low-risk population due to the naturally lower levels of D-dimer in younger
age.15,16 Treatment selections and clinical decision making are therefore difficult based on measurements of D-dimer, as
physicians could hardly tell whether the increased risk of ischemia is simply due to aging, or the truly more active
thrombosis that needs to be tackled by more intensive antithrombotic medications. However, the current study showed
a homogenous increase of hazard related to age-adjusted D-dimer elevation despite aging, suggesting that age-adjusted
D-dimer threshold was an effective approach for excluding impacts of aging on D-dimer levels and risk of ischemia,
which could potentially reduce overtreatment in older patients and identify younger high-risk patients in need of extra
attention.

Notably, significant interactions were observed between D-dimer elevation and eGFR (≥ 60 mL/min vs < 60 mL/min)
for the endpoint of MACE. Patients with eGFR < 60 mL/min acquired a 73% increase in risk of MACE if D-dimer was
elevated, while those with comparatively better renal function acquired a risk increase of 34%. Previously, Naruse et al
have reported that patients with chronic kidney disease complicated with D-dimer elevation could acquire a one-to-three-
fold increase in risk of death, which is substantially higher than those with D-dimer elevation alone.3 Meanwhile, some
studies also show that prolonged use of P2Y12 inhibitors further lower the risk of death and stent thrombosis, while
others suggest extended dual antiplatelet treatment (DAPT) does not bring extra clinical benefit but increase risk of
bleedings.29–31 These findings suggest there is still heterogeneity within the high-risk patients of renal impairment. On
top of kidney disease, age-adjusted elevation of D-dimer might serve as an indicator to identify patients at higher risk
who are potentially suitable for prolonged DAPT or even anticoagulation, while standard 12-month DAPT or deescalated
monotherapy could be considered for those without hypercoagulative status. Taken together, patients with age-adjusted
elevation of D-dimer might require extra attention and more intensive care when complicated with impaired renal
function.

Improvement for Risk Predictions Using Age-Adjusted D-Dimer Thresholds
Previous studies show that D-dimer could improve risk predictions for adverse events in patients with stable CHD.3,4

Recent studies in ACS patients reveal that D-dimer could improve outcome predictions when combined with clinical risk
score tools predicting in-hospital and long-term mortality.13,32 In this research, we furtherly demonstrated that age-
adjusted elevation of D-dimer significantly improved the predictions for all-cause death when added to models of
established clinical risk factors, as shown by the significant increase of C-index. Further tests using NRI and IDI also
supported a positive role of age-adjusted elevation of D-dimer for improving outcome predictions. Although the increase
of C-index brought by the incorporation of age-adjusted elevation of D-dimer was relatively small (Δ C-index =0.008), it
should be noticed that the original model already showed favorable performance (C-index: 0.838), which could lead to
insensitivity for detecting improvements by adding new biomarkers or predictors.33,34

Reasons for these improvements could be multiple, but they boiled down to the extra prognostic information provided by
D-dimer. The interaction between coagulation system and blood vessels is one of the major interpretations. Pathological
studies show D-dimer and fibrin degradation products are associated to plaque instability. Kothari et al show in an
intravascular ultrasound study that D-dimer levels are positively associated with the presence of necrotic core and calcifica-
tion in coronary plaques.35 Corban et al also observed that higher levels of fibrinogen degradation products are associated
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with larger necrotic core.36 Moreover, D-dimer is also found to be related to the severity and complexity of atherosclerosis
within the coronary tree and throughout the vessel system.37–39 Theoretically, sub-endothelial contents from these unstable
lesions might directly activate the coagulation cascade,40–43 causing a continuous prothrombotic state, which therefore drives
up D-dimer levels and the risk of future ischemia.44–46 Besides, clinical studies also show that patients with elevated D-dimer
acquire higher risk of no-reflow and heart failure after PCI,28,47 which could be results of massive thrombus within the
coronary artery, microvascular embolism, and ongoing thrombosis within the circulation. In sum, elevations of D-dimer
represented the impacts from the activation of the coagulation system. Assessments of D-dimer might have provided extra
information regarding the prothrombotic tendency and the vulnerable lesions.

Risk Stratifications Based on Age-Adjusted Elevation of D-Dimer
As the established model was mainly based on pre-existing risk factors, hemodynamics, and angiographical details of
culprit lesions, the addition of D-dimer might have subsidized the model by measuring the prognostic impacts regarding
the vulnerable lesions, overall atherosclerotic burden, and systematic prothrombotic states. Physicians could therefore
make use of age-adjusted elevation of D-dimer to back up the assessment for long-term risk of ischemia.12,13 For patients
with elevated levels of D-dimer as adjusted by age, more intensive antithrombotic treatments should be considered to
avoid future ischemic events. More potent P2Y12 inhibitors should be recommended, while low dose of oral antic-
oagulants could be considered for further risk reduction, which has been proved to be effective in reaching lower levels
of D-dimer.48 Detailed intravascular imaging examinations (e.g., intravascular ultrasound, optical coherence tomography)
would be helpful for assessment of lesion stability of non-culprit vessels and evaluation for the necessity of complete
revascularizations. For patients with normal levels of D-dimer as adjusted by age, routine antiplatelet medications would
be adequate for long-term management.

Limitations
The general limitations of this study are as follow. Firstly, patients in this study were retrospectively recruited. Although
D-dimer was measured prospectively, residual confounding could still be present, and the causality between the elevation
of D-dimer and outcomes could not be fully defined. In addition, blood samples for test of D-dimer were collected after
PCI procedures, during which D-dimer levels could be affected by various invasive procedures and antithrombotic
medications. Although age-adjusted D-dimer remained an independent predictor of adverse events in the current analysis,
future studies are warranted to investigate whether D-dimer levels measured at admission could offer more accurate risk
prediction. Besides, some examinations were not available due to limited resources, like imaging tests for infarct size,
which should be adjusted in multivariable analysis to reduce the false effect in well-designed prospective studies.
Moreover, this observational study was accomplished in a single institute. Although the sample size was large enough,
the extrapolation of conclusions in the current study might require further validation.

Conclusions
High D-dimer levels, as defined by age-adjusted thresholds, was an independent predictor of adverse outcomes for ACS
patients treated by PCI. When combined with clinical risk factors, age-adjusted elevation of D-dimer significantly
improved the risk predictions for future mortality.
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