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Background: Low diastolic blood pressure (DBP) is associated with increased risk of cardiovascular events. In
patients with coronary artery disease (CAD), limitations in coronary blood flow and immune activity are impli-
catedmechanisms, but evidence is lacking.We investigated the association between DBP, biomarkers ofmyocar-
dial injury, inflammation, immune activation and incident events in patients with CAD.
Methods: We studied 2448 adults (mean age 65 ± 12 years, 68% male, median follow-up 4.5 years) with CAD.
DBP was categorized into 10 mm Hg increments. Biomarkers of myocardial injury (high sensitivity cardiac
troponin-I [hs-cTnI]) and immune activity/inflammation (soluble urokinase plasminogen activator receptor
[suPAR]) were dichotomized at their median values. DBP 70–79 mmHg was used as the referent group, and in-
dividuals were followed prospectively for adverse outcomes.
Results: After adjusting for demographic and clinical covariates, individuals with DBP b 60mmHg had increased
odds of elevated levels of hs-cTnI (OR = 1.68; 95% CI = 1.07, 2.65) and suPAR (OR= 1.71; 95% CI = 1.10, 2.65)
compared to the referent group. Additionally, DBP b 60 mm Hg was associated with increased adjusted risk of
cardiovascular death or MI (HR = 2.04; 95% CI = 1.32, 3.16) and all-cause mortality (HR = 2.41; 95% CI =
1.69, 3.45).
Conclusion: In patients with CAD, DBP b 60 mmHg is associated with subclinical myocardial injury, immune/in-
flammatory dysregulation and incident events. Aggressive BP control may be harmful in these patients, and
further investigation is warranted to determine appropriate BP targets in patients with CAD.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Hypertension is one of the most prevalent and modifiable risk fac-
tors for cardiovascular disease, stroke and mortality [1]. However,
optimal blood pressure (BP) targets in patients with hypertension
continue to be debated [2,3]. Lower systolic blood pressure (SBP) is
associated with improved outcomes, but aggressive lowering of SBP
will inherently lead to a lower diastolic blood pressure (DBP) [2].
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cussed interpretation.
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Observational data from cohort studies and post-hoc analyses from clin-
ical trials have identified a “J-curve” relation with clinical vascular
events, whereby lower DBP (particularly ≤60 mm Hg) is associated
with an increased risk of adverse outcomes [4,5]. The mechanisms un-
derlying this increased risk at lower DBP remain unclear. One hypothe-
sis is that in patients with coronary artery disease (CAD), low DBP is
associated with reduced coronary perfusion pressure and subsequent
myocardial injury and damage [6].

High-sensitivity cardiac troponins (hs-cTn) are markers of myocar-
dial injury and elevated levels are associated with adverse cardiovascu-
lar outcomes in patients with and without cardiovascular disease [7,8].
Soluble urokinase plasminogen activator receptor (suPAR), a marker
of immune activation, inflammation, thrombogenesis and endothelial
dysfunction [9], is associatedwith adverse cardiovascular and renal out-
comes in patients with CAD and provides independent and additive risk
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prediction beyond high sensitivity C-reactive protein (hsCRP), a
commonly-used biomarker of inflammation and risk in patients with
CAD [10–15].

Circulating biomarkers representing pathways of myocardial injury,
inflammation/immune activation and endothelial dysfunctionmay pro-
videmechanistic insights into the J-curve of DBP and adverse outcomes.
Therefore, we examined the association between DBP, hs-cTnI, suPAR
and adverse outcomes in patients with CAD. Our hypothesis was that
these pathologic pathways are activated in CAD patients with low
DBP, and thiswould at least partially explain the increased risk observed
in patients with CAD and low DBP.

2. Methods

2.1. Study design and population

We studied 2448 adults, aged 18 years and older enrolled in the Emory Cardiovascular
Biobank, a prospective cohort of patients undergoing left heart catheterization for
suspected or confirmed CAD at three Emory Healthcare sites in Atlanta, GA, between
2004 and 2014. Participants were interviewed to collect demographic characteristics,
medical history,medication use and behavioral habits, as previously described [16]. All pa-
tients with CAD, defined as at least one epicardial vessel with ≥30% obstruction, were in-
cluded. Those presenting with acute coronary syndrome or with a history of heart
failure with reduced ejection fraction were excluded. Patients with valvular heart disease,
thosewho had undergone orwere under evaluation for cardiac transplant, and thosewith
active cancer were also excluded. All participants provided written informed consent at
the time of enrollment, and the study was approved by the institutional review board at
Emory University (Atlanta, GA).

2.2. Baseline characteristics

Individuals enrolled in the Emory Cardiovascular Biobank underwent a detailed base-
line evaluation using standardized self-report questionnaires andmedical records review.
Age (years), sex (male/female), race (white/black), and smoking (current/former/never)
were obtained by self-report. Additionally, medical history and/or medication use were
obtained by self-report and confirmed by evaluation of medical records for the following
conditions: hypertension, diabetes, hyperlipidemia, heart failure with preserved ejection
fraction (HFpEF), and prior myocardial infarction (MI). Anthropometric data were mea-
sured by trained staff and included SBP (in mm Hg), DBP (in mm Hg), pulse pressure
(SBP − DBP, in mm Hg) and body mass index (in kg/m2 ). Blood pressure was obtained
using calibrated, non-invasive automated blood pressure machines with appropriate
cuff size after at least 5min of rest during pre-procedural evaluation for left heart catheter-
ization, and all participants were instructed to take home medications as usual and to ab-
stain from caffeine, nicotine, alcohol and food for at least 8 h prior to evaluation.

Routine laboratory data included fasting values of low-density lipoprotein cholesterol
(LDL-C, in mg/dL) and high-density lipoprotein cholesterol (HDL-C, in mg/dL), as well as
baseline white blood cell count (WBC, in 103 cells/μL). Serum creatinine (mg/dL) was
used to calculate the estimated glomerular filtration rate (eGFR, in mL/min/1.73 m2 )
[17]. Measurement of hs-cTnI, suPAR and hsCRP were performed on fasting arterial
blood samples collected at the time of cardiac catheterization and stored at−80 °C. Addi-
tional details on the assays used for biomarker measurement are available in the Online
Supplement. All participants underwent a detailedmedication questionnaire to document
use of the following: angiotensin-converting enzyme inhibitors or angiotensin II receptor
blockers (ACEi/ARB), beta blockers, aspirin, and statins. Burden of CADwas assessed using
modifiedAHA/ACC classifications for luminal narrowing seen on coronary angiogram [18].
Obstructive CAD was defined as ≥50% stenosis at least 1 major epicardial vessel.

2.3. Outcomes and follow-up

Follow-up was conducted by phone, electronic medical record review, and review of
the social security death index and state records to identify cardiovascular (CV) death or
non-fatal myocardial infarction (MI), and all-cause mortality. CV death was further de-
fined as death from MI, heart failure, sudden death, stroke, or pulmonary embolization.
MI was defined according to relevant medical history, diagnostic cardiac enzymes, and/
or electrocardiogram tracing consistent with myocardial infarction. Event adjudication
was conducted by two independent, board-certified cardiologists blinded to baseline
characteristics.

2.4. Statistical analysis

Analysis of variance (continuous, normally-distributed variables), Mann-Whitney U
test (continuous, non-normally distributed variables) and the chi-square test (categorical
variables) were used to compare baseline clinical characteristics between 5 categories of
DBP: b60, 60 to 69, 70 to 79 (referent), 80 to 89, and ≥90 mm Hg.

To test the association between DBP categories and biomarkers of subclinical myocar-
dial injury (hs-cTnI), immune/inflammatory activity (suPAR) and inflammation (hsCRP),
fully-adjusted multivariable linear and logistic regression models were constructed
using the following covariates: age, sex, BMI, SBP, smoking, hyperlipidemia, HFpEF,
diabetes, hypertension, ACEi/ARB use, beta blocker use, statin use, aspirin use, and eGFR.
Log-transformed hs-cTnI, suPAR and hsCRP were used as outcome measures in linear
regression models. Median cutoffs (hs-cTnI N 5 pg/mL, suPAR N 3 ng/mL) or clinically-
appropriate cutoffs [19] (hsCRP N 3 mg/dL) were used to define biomarker elevations
(high vs low) in logistic regression models. Finally, we modeled the association between
elevated biomarkers and DBP as a continuous variable using restricted cubic splines
with 4 knots (referent, 75 mm Hg), adjusting for the previously-defined covariates.

The cumulative incidence of CV death orMI and all-causemortality was plotted as (1-
survival) for each DBP category. Cox proportional hazardsmodels were used tomodel the
prospective association between all-cause death and DBP categories (referent, DBP= 70–
79 mm Hg), and all models were adjusted for the previously-defined covariates. There
were no violations to the proportional hazards assumption. Follow-up time was defined
as the time from enrollment until one of the following: CV death or MI, death, loss to
follow-up, or end of follow-up. We performed competing risk analyses for CV death or
MI using Fine and Gray's method [20], treating non-CV death as a competing risk. DBP
was again modeled as a continuous variable using restricted cubic splines to construct
distributions of adjusted hazard ratios for all-cause mortality, and subdistribution hazard
ratios for CV death or MI.

To determine if the effect of low DBP on all-cause death and CV death or MI was attenu-
ated by elevations in biomarkers, we analyzed stepwise Cox regression models: Model 1:
crude;Model 2: adjusted for age, sex, BMI, SBP, smoking, hyperlipidemia, HFpEF, diabetes, hy-
pertension, ACEi/ARBuse, beta blockeruse, statin use, aspirin use, andeGFR;Model 3: adjusted
forModel 2 plus hs-cTnI or suPAR; andModel 4: adjusted forModel 2 plus hs-cTnI and suPAR.

Finally, we performed several sensitivity analyses to determine if the relationship
between DBP b 60 mm Hg and outcomes differed by: elevated hs-cTnI (N5 pg/mL vs
≤5 pg/mL), elevated suPAR (N3 ng/mL vs ≤3 ng/mL), diabetes (yes/no), HFpEF (yes/no),
SBP (b120 vs 120 to 139 vs ≥140mmHg), obesity (BMI b 30 vs ≥30kg/m2), chronic kidney
disease (eGFR b 60 vs ≥60 mL/min/1.73 m2 ), CAD burden (non-obstructive vs obstruc-
tive), race (black/white), sex (male/female), or age (b60 years vs. ≥60 years) using multi-
plicative interaction terms. Statistical significance, including interaction terms, was
defined as P b 0.05 (2-sided). SAS Version 9.4 (Cary, NC) was used for all analyses.
3. Results

Individuals with lower DBPweremore likely to be older, female and
white, with lower LDL-C levels, compared to those with higher DBP
(Table 1). Additionally, the prevalence of hypertension and higher SBP
levels were greater in those with higher DBP; however, there were no
differences in antihypertensive medication use or pulse pressure across
DBP groups (Table 1).

Compared with the referent group (DBP 70 to 79 mm Hg), those
with DBP b 60 mm Hg had increased odds of elevated hs-cTnI (odds
ratio [OR] = 1.68; 95% confidence interval [CI] = 1.07, 2.65) and
suPAR (OR= 1.71; 95% CI = 1.10, 2.65), Supplemental Table 1. Similar
results were obtained from generalized linearmodels using continuous,
log-transformed hs-cTnI and suPAR (Supplemental Table 2). There was
no association between DBP and elevated hsCRP (Supplemental
Table 3). Using restricted cubic splines, there was an inverse linear
relationship between DBP and the odds of elevated hs-cTnI and suPAR
levels (Fig. 1), but not hsCRP levels (Supplemental Fig. 1), such that
hs-cTnI and suPAR were higher at lower levels of DBP.

Over amedian follow-up period of 4.5 years (25th–75th percentiles=
1.8–6.9 years), a total of 120MIs, 234 CVdeaths and 420 all-cause deaths
occurred. The cumulative incidence for all-cause death and the
composite of CV death or MI events are shown in Supplemental Fig. 2.
DBP b 60 mm Hg was associated with an increased cumulative risk of
all-cause death (hazard ratio [HR] = 2.21; 95% CI = 1.60, 3.08) and
CV death orMI (HR=2.14; 95% CI= 1.45, 3.17) compared to the refer-
ent group of DBP 70 to 79mmHg. After adjustment for risk factors, DBP
b60 mm Hg remained associated with an increased cumulative risk of
all-cause death (HR 2.41; 95% CI 1.69, 3.45) and CV death or MI (HR
2.04; 95% CI 1.32, 3.16), Table 2. Results were mildly attenuated but
remained significant after further adjustment for WBC count. When
modeling the association between continuous DBP and risk of events
using restricted cubic splines, a J-shaped relationship was evident for
both all-cause death and CV death or MI, as shown in Fig. 2.

In fully-adjusted Cox regression models, the association between
DBP b 60 mm Hg and all-cause death (HR 1.87; 95% CI 1.22, 2.87) as
well as CV death or MI (HR 1.73; 95% CI 1.03, 2.92) were attenuated
but maintained statistical significance after adjustment for hs-cTnI and
suPAR levels, Supplemental Table 4.
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In sensitivity analyses, the association betweenDBP b 60mmHgand
all-cause death was greater in patients without diabetes (HR = 2.79;
95% CI = 1.69, 4.43) than in those who had diabetes (HR = 1.52; 95%
CI = 0.83, 2.77; P-interaction = 0.003); similarly, the association
between DBP b 60 mmHg and CV death or MI was greater in patients
without diabetes (HR = 2.39; 95% CI = 1.25, 4.59) than in those who
had diabetes (HR = 1.61; 95% CI = 0.77, 3.36; P-interaction = 0.01)
(Supplemental Tables 5 and 6). The risks for all-cause death and CV
death orMIwere otherwise similar by age, sex, race, HFpEF, SBP, antihy-
pertensive medication use, obesity, chronic kidney disease, and CAD
burden (Supplemental Tables 5 and 6).

Specifically, while therewere no significant interactions between SBP
and DBP b60 mm Hg for all-cause death (P-interaction = 0.25,
Supplemental Table 5) or CVdeath andMI (P-interaction=0.33, Supple-
mental Table 6), DBP b 60 mmHg was generally associated with an in-
creased risk of events at all levels of SBP; however, these associations
were only significant at SBP b 140mmHg(Supplemental Tables 5 and 6).

Lastly, regarding the relationship betweenSBP, biomarker elevations
and outcomes, low SBP was not associated with elevations in hs-cTnI,
suPAR, or hsCRP; however, SBP ≥ 160 mm Hg was independently asso-
ciated with elevated hs-cTnI and suPAR (Supplemental Table 7), as well
as increased risk of all-cause death (Supplemental Table 8).

4. Discussion

The 2017 American guidelines for the management of high blood
pressure in adults recommend a BP target of b130/80 mmHg for adults
with hypertension and prevalent CV disease, which is more aggressive
than the previous guideline recommendation of b140/90 [2,21], and
our results have potential implications for the management of BP in
these patients. We have shown that individuals with CAD and DBP
b 60 mm Hg had increased prevalence of subclinical myocardial injury
and evidence of immune/inflammatory activation, demonstrated as el-
evated levels of hs-cTnI and suPAR. Furthermore, we showed that the
association between low DBP and events was explained in part by
Table 1
Baseline characteristics of the cohort.

Characteristic Overall
(n = 2448)

Diastolic blood pressure groups

b60 mm Hg
(n = 168)

60–69 mm H
(n = 577)

Age, years 64.5 (11.6) 68.2 (11.9) 66.8 (11.4)
Female 785 (32) 81 (48) 237 (41)
Black 478 (20) 24 (14) 98 (17)
Hypertension 2004 (82) 129 (78) 474 (82)
SBP, mm Hg 139.3 (21.7) 117.9 (17.2) 129.3 (17.4)
Pulse pressure, mm Hg 63.6 (18.6) 63.3 (17.9) 64.4 (17.0)
Antihypertensive use

ACEi/ARB 1403 (57) 86 (51) 339 (59)
Beta blocker 1660 (68) 128 (76) 399 (69)

Smoking status
Never smoker 785 (32) 48 (29) 200 (35)
Current/former smoker 1663 (68) 120 (71) 377 (65)

Diabetes 947 (39) 73 (44) 240 (42)
BMI, kg/m2 29.7 (6.2) 28.9 (6.1) 29.7 (6.5)
Hyperlipidemia 1877 (77) 119 (71) 450 (78)
LDL-C, mg/dL 92.6 (35.3) 87.9 (32.8) 89.6 (32.7)
HDL-C, mg/dL 43.0 (13.1) 43.8 (13.2) 44.0 (13.2)
WBC, 103 cells/μL 7.1 (2.2) 7.0 (2.1) 7.1 (2.2)
Statin use 1856 (76) 129 (77) 436 (76)
Aspirin use 1970 (81) 142 (85) 471 (82)
HFpEF 678 (28) 56 (33) 154 (27)
Prior MI 665 (27) 38 (23) 146 (25)
Obstructive CAD 1601 (77) 108 (73) 392 (78)
eGFR, mL/min/1.73 m2 70.5 (24.3) 67.0 (24.8) 69.2 (23.0)

Values are n (%), mean (standard deviation), median [25th–75th percentile].
P-value represents results of analysis of variance, Mann-Whitney U, or chi-square tests of com
Abbreviations: DBP = diastolic blood pressure; SBP = systolic blood pressure; ACEi/ARB = an
index; LDL-C = low-density lipoprotein cholesterol; HDL-C= high-density lipoprotein cholest
CAD = coronary artery disease; eGFR = estimated glomerular filtration rate.
prevalent elevations in biomarkers of myocardial injury (hs-cTnI) and
immune/inflammatory activation (suPAR). The combination of these
findings begins to address several key proposed mechanisms for the J-
curve phenomenon and supports recommendations for caution against
significantly reducingDBP (especially below60mmHg)while targeting
lower SBP in patients with CAD [22].

Observational data from cohort studies, post-hoc analyses of
randomized clinical trials and meta-analyses have shown a J-curve
relationship for DBP and cardiovascular events [4,5,23–27]. While
many have included patients at increased cardiovascular risk, few
have focused specifically on BP targets in patient with CAD. Vidal-
Petiot et al. reported on cardiovascular event rates and DBP from the
CLARIFY registry, a largemultinational cohort of patientswith CAD. Sub-
jects with DBP b 60mmHg had double the risk of a composite outcome
of CV death, MI or stroke compared to a referent group of DBP 70–
79mmHg [28]. Our findings are in agreementwith these previous stud-
ies and show an approximate doubling of risk for all-cause death and CV
death or MI at DBP b 60mmHg, even after rigorous adjustment for sev-
eral clinical risk factors, antihypertensive treatment, and CAD burden.

Beyond simply demonstrating the J-curve phenomenon in our pop-
ulation with CAD, we investigated potential mechanisms for its exis-
tence. Because coronary blood flow occurs during diastole, low DBP
may lead to decreased coronary perfusion pressure and result in CV
events, especially in CAD, where autoregulatory mechanisms for coro-
nary perfusion are compromised [26]. Using hs-cTnT as a marker of
myocardial ischemia or injury, McEvoy et al. explored the association
between DBP, hs-cTnT and incident events in 11,565 participants from
the ARIC (Atherosclerosis Risk In Communities) study. Despite the
relatively low-risk population, the authors demonstrated that patients
with DBP b 60 mm Hg had higher hs-cTnT values and higher rates of
coronary heart disease events [6]. For the first time in a population
with CAD, we found similar associations between elevated hs-cTnI
levels and low DBP. Importantly, this may not be simply a “supply and
demand” issue, as the degree of epicardial CAD burden did not augment
the association between low DBP, hs-cTnI and outcomes. While
P-value

g 70–79 mm Hg
(n = 794)

80–89 mm Hg
(n = 616)

≥90 mm Hg
(n = 293)

64.9 (11.1) 62.7 (11.3) 60.3 (11.9) b0.001
257 (32) 152 (25) 58 (20) b0.001
145 (18) 134 (22) 77 (26) 0.002
633 (80) 516 (84) 252 (87) 0.04

138.5 (19.2) 146.2 (19.9) 159.0 (20.2) b0.001
64.2 (18.8) 62.4 (19.6) 62.9 (19.1) 0.29

460 (58) 348 (57) 170 (58) 0.49
526 (66) 413 (67) 194 (66) 0.12

240 (30) 198 (32) 99 (34) 0.36
554 (70) 418 (68) 194 (66)
302 (38) 230 (38) 102 (35) 0.22
29.6 (5.9) 30.1 (6.1) 29.9 (6.5) 0.29
619 (78) 470 (76) 171 (76) 0.47
91.6 (36.1) 95.3 (35.5) 98.0 (38.1) 0.003
42.8 (13.2) 42.5 (12.6) 42.3 (13.3) 0.26
7.1 (2.2) 7.1 (2.2) 7.0 (2.1) 0.79
607 (77) 471 (77) 213 (73) 0.74
638 (80) 492 (80) 227 (77) 0.40
211 (27) 176 (29) 81 (28) 0.45
229 (29) 168 (28) 84 (29) 0.35
534 (79) 392 (76) 175 (74) 0.38
71.4 (23.7) 71.1 (24.9) 71.5 (26.3) 0.13

parison across DBP groups.
giotensin-converting enzyme inhibitor/angiotensin II receptor blocker; BMI = body mass
erol; HFpEF= heart failure with preserved ejection fraction; MI =myocardial infarction;



Fig. 1. Association between diastolic blood pressure and biomarkers of myocardial injury. Restricted cubic spline regression with 4 knots modeling odds ratio estimates for (A) hs-cTnI
N 5 pg/mL and (B) suPAR N 3 ng/mL along a continuous spectrum for diastolic blood pressure (DBP) from the 1st to the 99th percentile of DBP. Dotted lines and shaded areas
represent the 95% confidence interval. Histograms of the distribution of DBP are presented below each spline. Models are adjusted for age, race, sex, body mass index, systolic blood
pressure, smoking, hyperlipidemia, heart failure with preserved ejection fraction, diabetes, ACEi/ARB use, beta blocker use, statin use, aspirin use, and estimated eGFR. Models for
suPAR are additionally adjusted for white blood cell count.
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seemingly counterintuitive, this is not unexpected based on what is
known regarding determinants of coronary flow at the lower extremes
of perfusion pressure; specifically, subendocardial capillary networks
appear to be more responsible for perfusion pressure drops than the
epicardial arteries [29,30].

Immune activation and inflammation also play an integral role in the
development and progression of CAD [12]. In patients with CAD, plaque
stability and eventual rupture is related to inflammation, and several
biomarkers have been identified to help risk-stratify patients with
CAD [12]. Plasma suPAR is an emerging biomarker associated with in-
flammatory and immune cell proliferation, migration and adhesion
[11]. suPAR is only modestly associated with hsCRP and is less sensitive
to acute changes in inflammation, suggesting that suPAR and hsCRP
may represent different pathways along the inflammatory cascade
[31]. Furthermore, in patients with known atherosclerosis, elevated
Table 2
Risk of incident events by DBP category.

Diastolic BP All-cause death

n/N HRa (95% CI) P-

b60 mm Hg 50/168 2.41 (1.69–3.45) b0
60–69 mm Hg 105/577 1.27 (0.96–1.69) 0.
70–79 mm Hg 118/794 1.00 (reference) –
80–89 mm Hg 101/616 1.11 (0.84–1.46) 0.
≥90 mm Hg 46/293 1.10 (0.76–1.59) 0.

Abbreviations: DBP = diastolic blood pressure; CV= cardiovascular; MI = non-fatal myocard
dence interval; sHR= subdistribution hazard ratio; HFpEF= heart failure with preserved eject
blocker; eGFR = estimated glomerular filtration rate.
Significant values are indicated in bold.

a Adjusted for age, race, sex, bodymass index, systolic bloodpressure (continuous), smoking,
eGFR.
suPAR may additionally represent significant endothelial dysfunction
associated with CAD, thus providing a more specific marker that incor-
porates several disease pathways, as opposed to hsCRP [9].While eleva-
tions in suPAR have been associated with adverse outcomes in a wide
variety of disease processes [11,13,32–34], it has more recently shown
promise as a predictor of incident cardiovascular events [10,15,35].
Both serum and intraplaque levels of suPAR were elevated in patients
with symptomatic carotid atherosclerosis, suggesting its potential util-
ity in identifying a vulnerable plaque phenotype [36]. Little is known re-
garding the associations between blood pressure, CAD and suPAR;
however, Sun et al. recently showed that low DBP was independently
associated with plaque vulnerability, defined as intraplaque hemor-
rhage [37]. Given our findings that DBP b 60 mm Hg was associated
with elevations in plasma suPAR and a higher risk of CV events, there
may be a potential pathophysiological link between low DBP, high
CV death or MI

value n/N sHRa (95% CI) P-value

.001 36/168 2.04 (1.32–3.16) 0.001
10 75/577 1.16 (0.83–1.62) 0.40

85/794 1.00 (reference) –
48 65/616 1.02 (0.72–1.43) 0.92
63 40/293 1.53 (0.98–2.37) 0.06

ial infarction; n = number of events; N = number at risk; HR= hazard ratio; CI = confi-
ion fraction; ACEi/ARB= angiotensin-converting enzyme inhibitor/angiotensin II receptor

hyperlipidemia, HFpEF, diabetes, ACEi/ARB use, beta blocker use, statin use, aspirin use, and



Fig. 2. Association between diastolic blood pressure and incident events. Restricted cubic spline regression with 4 knots modeling hazard ratio estimates for (A) all-cause death and
(B) cardiovascular death or non-fatal MI along a continuous spectrum for DBP, from the 1st to the 99th percentile of DBP. Dotted lines and shaded areas represent the 95% confidence
interval. Histograms of the distribution of DBP are presented below each spline. Models are adjusted for age, race, sex, body mass index, systolic blood pressure, smoking,
hyperlipidemia, heart failure with preserved ejection fraction, diabetes, ACEi/ARB use, beta blocker use, statin use, aspirin use, and estimated eGFR.
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plasma suPAR and vulnerable plaque phenotypes leading to CV events
in patients with CAD. Further studies are needed to determine the
mechanisms by which low DBP leads to endothelial dysfunction,
immune activation and ultimately, adverse events.

When we included hs-cTnI and suPAR into our fully-adjusted sur-
vival models, DBP b 60 mm Hg remained an independent predictor of
both all-cause mortality and CV death or MI; however, the associations
were attenuated by approximately 40%. These findings suggest that the
observed increase in cardiovascular events for individuals with DBP
b 60 mmHg is at least partially explained through mechanisms of sub-
clinical myocardial damage, immune activation and inflammation.

Finally, no interpretation of the associations between DBP, bio-
markers and outcomes is complete without consideration of SBP. Low
DBP may simply be a marker of low SBP, which has also been shown to
be associated with adverse cardiovascular outcomes in patients with
CAD [28]. Additionally, pulse pressure, or the difference between systolic
and diastolic blood pressure, has been identified as an independent pre-
dictor of adverse outcomes and has been proposed as the
primarymechanismbywhich lowDBP leads to cardiovascularmorbidity
and mortality [38]. Although we found an expected stepwise increase in
SBP across categories of DBP, we found no differences in pulse pressure.
Furthermore, low SBP was not associated with biomarker elevations or
increased risk of events. And while DBP b 60 mm Hg was associated
with an increased risk of all-cause death or CV death andMI at all levels
of SBP, these associations were only significant at SBP b 140 mm Hg.
While pulse pressure may be a significant predictor of events and a po-
tential explanation for the J-curve phenomenon in the general popula-
tion, its importance in CAD remains unclear [39].

Our study is the first to identify mechanistic plausibility for the J-
curve of DBP in patients with CAD using biomarkers of myocardial
injury and immune/inflammatory activity. Several limitations merit
discussion to place our findings in the appropriate context. Notably,
BP was measured and obtained at a single time point, prior to left
heart catheterization. Although patients were instructed to fast, avoid
caffeine and nicotine, and take medications as prescribed, this single
BP reading may not reliably indicated true ambulatory BP for all
patients. This single baseline outpatient BP measurement precludes
adjustment for BP fluctuations during follow-up, and changes in clinical
status, including medication adherence and comorbidities, are
unknown. As is the case in all observational cohort studies, additional
residual confounding and misclassification bias are possible.

In conclusion, we have shown that in patients with CAD, low DBP
b 60 mm Hg is associated with increased risk of all-cause death and
CV death or MI. This risk is partially explained by elevations in
biomarkers of subclinical myocardial injury and immune/inflammatory
activation. Although further studies are needed to identify optimal BP
targets in this high-risk population, caution regarding aggressive DBP
lowering in patients with CAD is warranted [22].
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