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Abstract

BACKGROUND

For patients with cardiovascular disease, blood pressure variability (BPV), distinct from
hypertension, is an important determinant of adverse cardiac events. Whether pre-
operative BPV adversely affects outcomes after percutaneous coronary intervention

(PCI) is to this point unclear.

AIM
To investigate the relationship between blood pressure variability and outcomes for

patients post-PCL

METHODS

Patients undergoing PCI in a single state in 2017 were studied (n = 647). Systolic and
diastolic BPV, defined as both the largest change (LC) and standard deviation (SD) for
the 3-60 mo prior to PCI was calculated and patients with more than ten blood pressure
measurements in that time were included for analysis (n = 471). Adverse outcomes were
identified up to a year following the procedure, including major adverse cardiac events
(MACE), myocardial infarction, cerebrovascular accident, death, and all-cause

hospitalization.




RESULTS

Visit-to-visit systolic BPV, as measured by both standard deviation and largest change,
was higher in patients who had MI, were readmitted, or died within one year following
PCI. Systolic BPV, as measured by largest change or standard deviation, was higher in
patients who had MACE, or readmissions (p<0.05). Diastolic BPV, as measured by
largest change, was higher in patients with MACE and readmissions (p<0.05).

ﬁONCLUSION

As BPV is easily measured and captured in the electronic medical record, these findings
describe a novel method of identifying at-risk patients who undergo PCI. Aggressive
risk modification for patients with elevated BPV and known coronary artery disease is

indicated.
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Core Tip: Visit-to-visit blood pressure variability, as measured by either standard
deviation or largest change between two consecutive visits, is higher in patients who
ﬁ'e readmitted, have complications, or die after percutaneous coronary intervention.
Aggressive risk modification is indicated for patients with elevated blood pressure

variability and known coronary artery disease.




INTRODUCTION

Percutaneous coronary intervention (PCI) has long been established as an effective
method of coronary revascularization for patients with coronary artery disease and is
performed over 965,000 times each year in the US (1). When patients present with acute
coronary syndrome, it is estimated that approximately 60% will undergo PCI, 10-15%
will require surgical revascularization with coronary artery bypass graft (CABG), and
the remainder are treated with medical therapy alone (2). Although PCI is generally
safe, known subsets of patients are at elevated risk for procedural complications after
PCI. These include patients in shock, chronic heart failure, complex vascular anatomy,
and diabetes mellitus, among others (3). In addition to acute complications (such as
bleeding at the entry site, vascular injuries, and arrythmias), patients may suffer from
delayed complications after the procedure. Post-procedural additional major adverse
cardiac events (MACE), include myocardial infarction (MI), cerebrovascular accident
(CVA), hospitalization, or death. Risk factors for these delayed outcomes are less well
understood. Aside from diabetes mellitus, relatively little is known about non-cardiac
factors impacting outcomes after PCI.

In particular, whether preoperative blood pressure variability (BPV) affects
outcomes after PCI is unclear. BPV, which is distinct from hypertension, is a measure of
the degree of instability of a patient’s blood pressure (BP) over time. BPV has been
shown to be a risk factor for 90-day rates of complications after major surgical
procedures, including coronary artery bypass graft (CABG) (4,5). BPV may be
calculated in a variety of ways, using standard deviation (SD), average change, or
largest change between consecutive measurements (LC), and may be based upon either
systolic or diastolic blood pressure readings (6). BPV is most commonly reported in the
literature by SD, but each method of reporting BPV may be similarly valid (7). High
outpatient BPV is associated with higher risk of all-cause hospitalization and death in
ambulatory medical patients (8) and surgical patients (4), regardless of if the patient is
hypertensive, normotensive, or hypotensive (9). Indeed, BPV has recently been shown

to predict cardiac events in patients with heart failure (10), and to be associated with




development of end stage renal disease (11), and with cerebral small vessel disease
leading to CVA (12). The causes of BPV are likely highly multifactorial and may be due
to physiological abnormalities (such as vascular wall stiffness and hypertrophy),
autonomic dysfunction, “white coat syndrome”, and medication non-compliance
(13,14). For patients with cardiovascular disease, consistency of BP control has been
shown to be an important determinant of adverse cardiac events (3,6,8). BPV has also
been shown to be associated with adverse outcomes in patients with cardiac failure (10),
survivors of STEMI (15), in patients undergoing CABG (5), and other major surgical
procedures (4). We therefore sought to determine whether elevated BPV would be
associated with adverse outcomes in patients undergoing less invasive cardiac
procedures than CABG, such as PCI. In particular, we hypothesized that patients who
had adverse outcomes would have higher mean BPV than those who did not have these
outcomes, and that the likelihood of a poor outcome would be greater for patients with
larger pre-procedural BPV.

Previously collected data was reviewed from a prospectively maintained registry
of patients who underwent PCI at a single institution and whose outcomes were then
prospectively tracked. Patients who had a minimum of 10 prior outpatient BP
recordings 3 to 60 mo prior to the procedure were included in this study to assure
accuracy of BPV calculation. Charts were retrospectively reviewed to calculate BPV as
both standard deviation and largest change for both systolic and diastolic BPV. BPV in
patients who had poor outcomes was compared to those who did not; logistic

regressions were used to control for the indication of the procedure.

MATERIALS AND METHODS

This study was approved by the Institutional Review Boards of the University of
North Dakota and the Sanford Medical Center. The subjects for this study were
retrospectively drawn from a prospectively maintained database of all patients who

underwent a PCI at Sanford Medical Center in Fargo, North Dakota in 2017 (n = 647).

Patients within the reach of this system generally receive most of their healthcare, both




inpatient and outpatient, at either the same or an affiliated institution. The electronic
medical record was queried and BP recordings (n = 25,844) both from within and
outside the hospital from patients prior to PCI were identified. Only individuals who
had a minimum of 10 BP recordings 3-60 mo before PCI (1 = 471) were included for
analysis. The remaining 176 patients were excluded from the study. Of these excluded,
2 were missing demographics, 75.29% were male, and the average age was 66.3

A total of 22,253 BP recordings were analyzed for 471 patients. BPV was defined
as systolic and diastolic standard deviation (SD) and largest change (LC mmHg)
between consecutive patient encounters. MACE outcomes of MI, CVA, death, and all-
cause hospitalization were identified up to a year after PCI. Readmission was defined
as a recurrent admission to the hospital within 1 year of discharge after hospitalization
from PCI procedure. The procedural indication was categorized as staged PCI (n = 48),
non-STEMI (1 = 249) or other (n = 174). Other variables including demographics, prior
diagnoses, and medication use were retrieved from the records.
Statistical Analysis

BPV and BP characteristics along with demographics, diagnoses, medications,
and indications were described for patients by MACE outcome status. Independent t-
tests and chi-square analyses were used to determine any relationships between
patients with or without an outcome of MACE. Logistic regressions of BPV predicting
MACE, readmission, and MI outcomes after 1-year were done while controlling for age,
sex, smoking status, diagnoses of hypertension or diabetes, prior CVD, prior MI, prior
PCI, prior CABG, pre-procedure creatine level, prior PCI LVEF, anginal class (no
symptoms as reference value, CCS I, II, III, or IV), on anti-anginal medications, and
indication (staged PCI was used as the reference value). Although the registry data did
not indicate which patients had pre-existing chronic kidney disease, we did analyze
pre-procedural serum creatinine level. This was categorized as values of less than or
equal to 2, 2-5, or greater than 5 mg/dL. Odds ratios (ORs) with 95% confidence
intervals (ClIs) were estimated. Receiving operator characteristic (ROC) analysis was

done to determine the best cutoff values for the four measures of BPV in determining




MACE, readmission, and MI. Two-way analysis of variance (ANOVA) with interaction
was done for the BPV measures between MACE and the categorical variables age,
anginal class, and indication to test if the relationships between the BPVs and MACE
differed for levels of those variables. SAS v. 9.4 was used for the analysis and alpha was

set to 0.05.

RESULTS

471 patients who had undergone a PCI and had 10 or more blood pressure
readings 3 - 60 mo prior to PCI were studied. Table 1 presents the demographics of this
patient sample. The average age was 68.8 (SD 11.5, range 35-95) and 72.1% were male.
Five types of adverse outcomes were identified: 147 (31.2%) of the patients had MACE,
131 (27.8%) were readmitted, 47 (10.0%) had MI, 21 (4.5%) died, and 6 (1.3%) had CVA.
Patients who had a MACE were an average of 2 years older (p=.016). Hypertension was
very common in both groups, though more so in patients with no MACE (p=.013). 15%
more of those with a MACE were on anti-anginal medication (p=.003), with the largest
difference found in patients taking beta blockers (16%; p=.002) and long-acting nitrates
(10%; p=.011). Patients with a MACE were 5% more likely to be in anginal class CSS I
and 8% more in CSS II (p<.001). About half were non-STEMI but twice as many MACE
patients were STEMIL.

BPV was measured in two ways, standard deviation (SD) of all patient BPs in the
study period and the largest change (LC) between two consecutive outpatient BP
measurements. Table 1 shows the average values for the four BPV measures by MACE
category. Systolic SD measures were significantly higher for patients with MACE (mean
15.38 + 5.26) than patients with no MACE (mean 13.72 + 6.02; p=.004). The diastolic SD
were less than the systolic (8.54 and 8.93) but not significantly different between MACE
categories (p=.188). Like the systolic SD, the systolic LC was significantly higher in
MACE group (p<.001). The diastolic LC was on average 3 points higher for the MACE
group (p=.002). Average systolic measures were comparable in each group, mean 131.83

+ 11.47 and mean 132.20 + 11.63 (p=.748). The average diastolic measures of the MACE




patients (mean 71.3317.64) were significantly lower than patients with no MACE (mean
74.82 + 7.75) (p<.001). We also tested the metrics for gathering the BPs and found that
those with MACE had 12 more BP readings on average (p<.001) though this variable
was badly skewed. MACE patients had 17 fewer days between readings on average
than non-MACE patients (p<.001).

Logistic regressions (controlling for demographics and health status) were used
to estimate the risk of higher BPV for adverse outcomes. Only the outcomes of MACE,
all-cause hospitalization, and MI were used for these analyses due to relatively small
number of patients who experienced the other specific outcomes. Figure 1 shows the
ORs for BPV predicting the outcomes. No BPV measures significantly increased the risk
of MI when controlling for demographics and health status. The risk of all-cause
hospitalization was increased significantly by higher systolic BPV as calculated by both
LC (OR=1.024, 95%CI 1.006 - 1.042) and SD (OR=1.049, 95%CI 1.000 - 1.099). The risk of
MACE was also increased significantly by higher systolic BPV as calculated by LC
(OR=1.024, 95%CI 1.007 - 1.042) and SD (OR=1.049, 95%CI 1.003 - 1.100). Although
eight of the risks of these outcomes were not statistically significant, we noted a trend
where patients with high BPV had increased risk of any outcome.

Receiving operator characteristic (ROC) curves were generated to determine
cutoff values of the four BPV measures for predicting MACE, hospitalizations, and MI
(Figure 2). The systolic BPVs appeared better at predicting outcomes. Table 2 shows the
cutoff value used that maximized sensitivity and specificity, the area under the ROC
curve (AUC) and corresponding 95% confidence intervals. The cutoff values for systolic
SD determining MACE was 12.0, 14.0 for readmission, and 13.5 for MI. Diastolic SD
ranged from 8 to 9, systolic LC was 33 to 48, and diastolic LC was 15 to 26. Sensitivities
ranged from 45% to 82%, and specificities from 44% to 77%. All AUCs were
significantly different from 50%.

The relationships between the four BPVs and MACE were tested with subgroups
of age, anginal class, and indication. Significant interaction in a two-way ANOVA

indicated the relationship may differ according to groups. There were no significant




interactions with anginal class and indication, suggesting the relationships between the
BPV and MACE did not differ by those subgroups. Age (Figure 3) had significant
interactions for systolic SD (p=.0429) and systolic largest change (p<.001).

DISCUSSION

Chronic outpatient BPV, distinct from hypertension, has been shown to be
associated with poor patient outcomes, not only in the general population, but in those
who undergo surgical procedures (4) including CABG (5). BPV can be studied as either
systolic or diastolic variability, and each can be calculated by standard deviation as well
as the largest change between two consecutive measurements. A minimum of 10
outpatient BP recordings to measure BPV was previously used by other authors,
ourselves included, because it was found to include enough measurements over a long
enough timeframe to define BPV, yet short enough to be practical as patient physiology
can drastically change with too large of a time interval (8). Our key findings from this
study were three. First, high pre-operative BPV gives patients elevated risk for poor
outcomes following PCI. Second, systolic BPV may be a more sensitive indicator of
adverse outcomes than diastolic BPV. Third, calculating BPV by LC seemed more
indicative of adverse outcomes than calculating BPV by SD (following PCI).

While high BPV has been associated with worse post-operative outcomes after
complex and highly invasive procedures such as CABG, colectomy, and total hip
replacement (4,5), this is to our knowledge the first study investigating how BPV affects
these outcomes after a much less invasive procedure such as PCI in patients who are
known to have cardiac disease. This study confirms that patients with higher BPV are
more likely to have poor outcomes after undergoing PCI. This is important because
most patients who undergo PCI are already at higher baseline risk of adverse health
outcomes, and thus preoperative BPV predisposes these individuals to an even higher
risk. Patients who suffered from MI, all-cause hospitalization, and death within one
year of the procedure had a significantly higher mean SD of their systolic BP. These

patients also had a significantly larger mean greatest difference of both systolic and




diastolic pressures. Moreover, when procedural indication was adjusted for, we found
that risk for developing MI, all-cause hospitalization, and MACE was significantly
increased when BPV was measured by LC.

Long term BPV has been shown to be a risk factor for MACE in several
populations including type 2 diabetics, the elderly, younger populations, those with
end stage renal disease, and post-operative patients (4,11,16,17,18). Our results suggest
that MACE occurs more frequently after PCI in patients with higher systolic BPV, and
this remained true even when adjusted for indication. Regardless of how it is measured,
even small changes in BPV can be clinically significant and associated with adverse
outcomes for patients. Physicians should consider BPV while counseling patients who
are considering elective PCI on the risks of the procedure. If a patient has high BPV, this
may present an opportunity for physicians to educate their patients on their other
cardiac risk factors. Perhaps patients could be more motivated to modify controllable
risk factors, such as smoking or a sedentary lifestyle, if they know that they have
additional non-modifiable risk factors such as BPV. Moreover, although all patients are
followed carefully, when a patient with high BPV undergoes PCI it may be vital to
conduct additional thorough follow-up and vigilant surveillance to identify and
intervene if such outcomes may occur.

The etiology of BPV is not well understood, although a couple hypotheses exist
on what contributes to BPV. One hypothesis is that BPV is related to differing coronary
physiology due to vascular wall stiffness, hypertrophy, and cardiovascular plaque
stability among others. Greater BPV in young people with an absence of cardiovascular
disease has been shown to be related to central aortic stiffness (18). BPV is associated
with unstable coronary plaques in patients with stable angina (14) and with carotid
arterial stiffness in elderly patients (17). Blood pressure control may facilitate the
regression of left ventricular hypertrophy, and it has been suggested that increased
blood pressure variability may be a contributing cause of idiopathic cardiac
hypertrophy (19,20). BPV has been shown to increase arthroscopic plaque vulnerability

(14,21) which could be a factor in some of these adverse outcomes. Surgical risks could




be directly affected by autonomic instability which has been indicated in patients with
BPV (20). Any of these could cause a different response to PCI as compared to patients
who have better blood pressure stability.

Others have suggested that BPV may be a proxy for differences in inflammatory
responses to the physiologic stressors and the acute coronary illness that follows (23).
Components of both the innate and adaptive immune system, specifically various
cytokine differences, toll-like receptors, and inflammasomes, have been shown to play a
role in pathogenesis of elevated blood pressure (23). Although this relationship has not
yet been specifically studied in blood pressure variability, it is possible that
inflammatory changes that are associated with hypertension might also lead to BPV
within that hypertension. Such differences could alter the acute response to the trauma
caused by PCI, thus putting patients at a higher risk for later adverse outcomes.
Although further extrapolation of the etiology of BPV is certainly warranted, it seems
likely that both intrinsic baseline biology and anatomy and differences in patients’
physiologic reactions to stress may all be associated with BPV in these patients and may
contribute to their subsequent risk.

Although we (8) and others (7) have previously suggested that how BPV is
calculated may be inconsequential, the results of this study seem to contrast with this
idea. In this post-PCI population, systolic BPV seemed to be more sensitive of a
predictor of adverse outcomes than diastolic BPV. Additionally, largest change may
have been a more powerful predictor of adverse outcomes than standard deviation.
This is potentially important because SD seems to be the most common way that BPV is
analyzed in the literature. Increased systolic BPV showed statistical significance as a
risk factor for each adverse outcome in this population as measured by LC. Systolic BPV
as a more indicative measure of adverse outcomes after PCI may partially be due to the
relatively high age of the patients who undergo this procedure. Systolic BP is known to
have more use as a prognostic indicator with increasing age (23) and the average age of

this population was 68.8 + 11.5. Another factor to consider is that the association




between elevated BPV and coronary atheroma progression was more strongly
associated with systolic BPV (21).

Increased diastolic BPV also showed statistical significance for three outcomes
but did not achieve statistical significance with any outcomes when calculated by SD.
This suggests that diastolic BPV can also be a predictor of adverse outcomes when
measured by LC. Although patients who experienced adverse outcomes were not
shown to be significantly different than those who did not have adverse outcomes
when measuring diastolic BPV by SD, we did observe a trend in this direction and it is
possible that this might have become statistically significant with a larger sample size
since we did observe statistical significance when diastolic BPV was assessed using LC.
Additionally, although six of the risks of the outcomes measured by logistic regression
were not statistically significant, a general trend was noted in that patients with high
BPV had elevated risk of any outcome occurring. Although age is a potential hypothesis
for the differences between systolic and diastolic BPV as a risk factor for adverse
outcomes, work remains to be done to determine the etiologic differences that exist
between systolic and diastolic BPV.

Although it is possible that LC may be a more sensitive indicator of risk than SD
in patients undergoing PCI, this may also be an artifact of this particular sample.
Regardless, it seems clear that LC is at least as useful, if not more useful than SD in risk
estimation. This is important because until electronic medical records are programmed
to automatically calculate BPV for every patient, the average physician will find LC to
be much easier to calculate, less time consuming, and more intuitive than attempting to
determine SD. The physician may simply scan a list of blood pressure readings and find
the largest change between consecutive encounters to rapidly screen patients for BPV
prior to selection for PCIL. Further studies need to be done to determine if LC could
indeed be a stronger predictor of adverse outcomes than SD.

In cardiovascular trials, different authors use various defined composite clinical
endpoints, one of which is commonly MACE. 3P MACE and 4P MACE exist depending

on whether 3 or 4 individual event endpoints are used, with some variability of what




these endpoints are. 3 endpoint MACE are commonly defined to include MI, death, and
CVA (24). Although not commonly reported as a MACE, hospitalization is a commonly
used endpoint related to heart failure or other post-operative trials, so we believe that it
is appropriate to use all cause hospitalization as a composite endpoint for a major
adverse cardiac event (24). Therefore, we used a somewhat original 4P MACE for our
study which we defined as all-cause hospitalization, M1, death, and CVA.

This study has limitations. 27% of the patients who underwent angioplasty
during the study period were excluded a priori because they did not have 10 outpatient
BP readings 3-60 mo prior to PCI. We had made this decision in advance of collecting
our data because our previous analysis (8) suggested that BPV can be very accurately
calculated with at least 10 readings. These 171 patients otherwise had remarkably
similar demographics to the patients who were included in the study, making it less
likely that selection bias has affected our results. Another potential concern is whether
we missed complications in patients who may have gone to a separate healthcare
system with their post-procedural complications. However, Sanford Health has a large
catchment area and shares access to surrounding health systems’ electronic records.
Moreover, there seems no particular reason to postulate that patients with low or high
BPV would have been more likely to seek attention at outside facilities which was
indicative in that the outcomes we ascertained had 100% follow up prospectively.
Another potential concern is that the BP readings that were used in this study were
derived from chart review after routine clinical practice rather than being measured by
pre-designed specified protocols. Clinical trials often utilize very precise practices to
measure BP precisely because without such practices BP measurement may differ from
how it is routinely measured in the clinical setting. Our BP measurements do lack
standardization, which thus could be interpreted as a weakness in that measurements
were not taken at fixed intervals with fixed protocols. However, the BP measurements
used here do reflect how physicians would routinely assess patients” BPV in the clinic.
Thus, one might conversely propose that this apparent limitation actually makes our

study results more relevant to the real world. While considering kidney disease simply




by pre-procedural serum creatinine levels is not ideal and represents a limitation to this
study, the diagnosis of chronic renal failure was not included in the data available for
analysis. While it would have been interesting to calculate a Kaplan-Meier survival
curve for MACE, the specific dates for these key complications were unfortunately not

included in the registry and so these data were unfortunately unavailable for analysis.

CONCLUSION

High outpatient BPV predicts adverse outcomes after PCI, including all-cause
hospitalization, death, MI, and CVA, regardless of whether the patient is chronically
hypertensive or normotensive. Calculating BPV by largest change was a stronger
predictor than standard deviation for MACE within 1 year of the procedure. This was
true for both systolic and diastolic BPV, although systolic BPV seemed to be a more
sensitive indicator of poor outcomes. Prior to PCI, patients with high BPV should be
counseled by their physician about their increased risk for adverse outcomes and
should be followed more vigilantly after their procedure. Most percutaneous coronary
interventions are relatively urgent and cannot be postponed for long periods of time for
patients to attempt to modify risk factors prior to PCI. Furthermore, further research is
still required to identify changes or pharmacologic interventions that patients may
undertake to usefully reduce their BPV. However, patients with higher BPV who are
about to undergo PCI can and should be counselled that they are at a higher risk of
post-procedural complications and that they should subsequently address any other
modifiable risk factors that are also associated with poor post-operative outcomes to
best optimize their individual post-procedural outcomes. Physicians performing PCI
may also wish to consider BPV as they decide how aggressive to be in their procedures,
while quality comparisons of PCI programs or research on future PCI interventions
should consider as an additional risk factor in multivariate analyses of outcomes. Work
remains to be done to discover the true etiology of BPV as well as why systolic and

diastolic variability may have differing impacts on the patients” outcomes.
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