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Abstract

Purpose—We applied cluster analysis to identify discrete patterns of concomitant responses of
systolic (SBP), diastolic (DBP) and pulse pressure (PP) during intensive BP lowering; and to
evaluate their clinical relevance and association with risk of mortality, major vascular events
(MVEs), and stroke.
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Material and Methods—We used an unsupervised cluster procedure to identify distinct patterns
of BP change during the first 9 months of anti-hypertensive therapy intensification among 1,331
participants in the Secondary Prevention of Small Subcortical Strokes Trial who were previously
randomized to lower BP target (SBP<130 mm Hg) after lacunar stroke.

Results—The cluster procedure partitioned participants into three groups in the lower SBP target
arm, persons with: 1) mildly elevated baseline SBP and minimal visit-to-visit BP variability (mild
reducers); 2) moderately elevated baseline SBP and moderate visit-to-visit BP variability
(moderate reducers); and 3) very elevated baseline SBP with very large visit-to-visit BP variability
during intensification (large reducers). In the lower SBP target group, moderate reducers had a
higher risk of death (adjusted HR 1.6 [95% CI 1.0-2.7]), MVE (adjusted HR 2.1 [95% CI 1.4—
3.2]), and stroke (adjusted HR 2.6[95% CI 1.7-4.1]) compared to mild reducers. Large reducers
had the highest risk of death (adjusted HR 2.3 [95% CI 1.2-4.4]), but risk of MVE (HR=1.7
[95%CI 0.9-3.1]) and stroke (HR=1.6 [95%CI: 0.8-3.5]) were not statistically significantly
different compared to mild reducers.

Conclusions—Among persons with prior lacunar stroke, baseline BP levels, and BP variability
in the setting of intensive BP lowering can identify discrete groups of persons at higher risk of
adverse outcomes.
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Background

Blood pressure (BP) lowering has been a mainstay of therapy for cardiovascular risk
reduction, yet the optimal BP target remains an issue of active debate. For example, the
Secondary Prevention of Small Subcortical Strokes (SPS3) trial previously demonstrated a
potential benefit of intensive BP lowering (SBP <130 mmHg) compared to a usual BP target
of <140 mm Hg in persons with prior lacunar stroke, but this finding was not statistically
significant [1]. In the Action to Control Cardiovascular Risk in Diabetes trial, intensive BP
lowering was not associated with a statistically significant reduction in the risk of
cardiovascular events in type Il diabetes [2]. In contrast, the Systolic Blood Pressure
Intervention Trial (SPRINT) demonstrated a cardiovascular and mortality benefit in lowering
systolic BP (SBP) to a target of <120 mm Hg in persons at elevated cardiovascular risk [3].
However, intensive BP lowering in SPRINT was also associated with a higher risk of
adverse effects, such as hypotension, syncope, acute kidney injury, and electrolyte
abnormalities [3]. Given the potential risks associated with an intensive BP lowering
strategy, the participants who may benefit the most from aggressive BP lowering remains a
subject of debate.

During active and intensive BP lowering, changes in systolic (SBP), diastolic (DBP), and
pulse pressure (PP) are likely to occur simultaneously, but the magnitude of change may
differ by BP component and baseline BP [4]. While there has been significant effort to
determine the optimal BP level for cardio-protection, less attention has been paid to patterns
of change in BP components during treatment intensification. Different patterns of BP
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response during intensive BP lowering could potentially have different prognostic
implications, and may eventually help identify select populations for whom intensive BP
lowering may have a higher risk-to-benefit ratio.

In prior studies, baseline and achieved SBP, DBP, PP, as well as visit-to-visit BP variability
are all known to associate individually with risk of adverse outcomes, including
cardiovascular events and death [4, 5, 6, 7, 8, 9, 10, 11]. Exactly how all of these BP
components may jointly define distinct patterns of BP response during intensive anti-
hypertensive therapy has not been thoroughly examined. Synthesizing the multitude of BP
components into recognizable yet distinct patterns of BP change can be challenging using
traditional statistical approaches. Machine learning is a method that has been used in many
fields to allow computers to distinguish distinct groupings and predict future events by
applying statistical methods to existing large datasets [12]. Analyses can be performed in an
unsupervised and unbiased fashion, with the goal of identifying natural patterns or groups
within data that may not be easily recognized. These identifiable patterns can then be used to
predict specific longitudinal outcomes of interest in a supervised fashion, using more
traditional statistical methods [12].

In this study, we used machine learning to evaluate whether discrete patterns of BP response
are discernible among SPS3 trial participants who were previously randomized to intensive
BP lowering after lacunar stroke [1, 13]. We then validated these patterns of BP response in
the participants previously randomized to the higher SBP target. Finally, we examined the
association of these patterns with risk of death, major vascular events (MVESs), and stroke in
each BP treatment group of SPS3 trial.

SPS3 was a large 2x2 factorial trial of 3,020 patients with a history of symptomatic lacunar
stroke who were randomized to lower (SBP<130 mm Hg) versus higher (SBP 130-149 mm
Hg) BP targets between 2003-2011 [1, 13]. Participants were also simultaneously
randomized to aspirin plus clopidogrel versus aspirin therapy alone. Details of SPS3 trial
have been previously published [1]. All participants signed informed consent, and the trial
was approved by the appropriate institutional review board.

We first focused our analysis on all SPS3 participants who were randomized to the lower-
target group (N=1,331) and who had BPs measured at a minimum of three separate visits
between month 0 and month 9 (period of active intensification of anti-hypertensive therapy
during SPS3 trial) [1, 8]. We included only persons randomized to the lower target group for
cluster construction, because our aim was to study patterns of BP change during active
intensification of anti-hypertensive therapy. Participants who did not receive any anti-
hypertensive medications during the intensification period or who had fewer than three BP
measurements (N=170) were excluded from our analysis.

We subsequently used the same rules derived from the lower SBP target group to assign
cluster membership to the participants assigned to a higher SBP target (N=1,207) during
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SPS3 trial. Participants who did not receive any anti-hypertensive medications and
participants who had fewer than three BP measurements (N=312) were excluded from our
analysis. Titration of anti-hypertensive medications was performed at the discretion of local
physicians in both treatment groups.

Blood pressure variable definitions

Baseline BP was determined using the mean of the three BP measurements taken at time of
randomization. Achieved BP was determined using the mean of the month 6 and month 9
BP measurements as previously defined by SPS3 [8, 13]. PP was defined as SBP minus
DBP. Briefly, to assess visit-to-visit BP variability, we first regressed intra-individual BP
measures on study visit and calculated residuals from the regression line, and then defined
the absolute value of each residual as the “deviation” (see Figure 1 and Appendix). We used
this approach because this measure of variability is less dependent on baseline BP [14]. We
used four approaches to estimate BP variability for each participant: the mean of each
subject’s BP deviations (average deviation), standard deviation (SD) of each subject’s BP
deviations (SD of deviation), coefficient of variation of each subject’s BP deviations (CV of
dev), and maximum BP deviation for each subject (max dev) [see Figure 1].

Identification of patterns of BP responses to intensive BP lowering (Cluster Derivation)

To identify patterns of BP response, we used unsupervised cluster analysis, which is a
method that partitions subjects into different groups based on the levels of a predictor (in this
case levels of BP and BP variability). This is in contrast to supervised analysis, which uses
the outcome of interest to guide the partitioning.

A priori, we chose baseline, follow-up, change, and visit-to-visit BP variability as candidate
variables for cluster construction, because each of these measures has been associated with
adverse cardiovascular outcomes [4, 6, 7, 11]. Because we had a total of 26 candidate
variables, many of which were correlated, we first used principal component analysis to
reduce the predictor space for preliminary cluster construction (shown in Appendix Table 1).
We used the SAS FASTCLUS procedure to identify outliers and reduce their effect on
cluster centers, using the strict option and cubic clustering criterion to inform the number of
clusters. LASSO and Bayesian Model Averaging were used to determine which of the 26
candidate variables were the strongest predictors of the initial cluster assignment. Final
cluster assignments were made using an unsupervised group-based cluster method, using the
most distinguishing BP variables within the lower BP target group. We then applied our
cluster construction rules to participants randomized to the higher SBP target in order to
assign cluster membership to these participants. More details of cluster construction are
provided in the Appendix.

Statistical analyses

We first compared demographic and clinical characteristics of the study population at
baseline by BP cluster in the lower BP target group. We then compared characteristics by
cluster in the higher BP target group because we were specifically interested in
understanding whether applying the same cluster construction rules based on BP values
would yield groups with similar characteristics. We also compared the class of anti-
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hypertensive medication usage by cluster at baseline and follow-up (month 9). We then used
Cox proportional hazards regression models to examine the association of cluster
membership with risk of death, MVEs (stroke, myocardial infarction, or vascular death), and
stroke (ischemic or hemorrhagic). These models were computed first in the lower target
group, then validated in the higher target group of SPS3 trial. Fine-Gray models were used
for the outcomes of major vascular events (MVE) or stroke, in order to account for the
competing risk of death. Models were adjusted for baseline demographic characteristics
including age, sex, race, and education (model 1), and additionally adjusted for
cardiovascular risk factors (smoking, total cholesterol, diabetes, body mass index, and
presence of congestive heart failure or coronary heart disease) in model 2. These analyses
were performed in an intention-to-treat approach.

In additional analysis, we used multivariable Cox models to examine the association
between individual baseline BP parameters (such as baseline SBP or achieved SBP) and
their association with death, MVE, or stroke to provide a comparative basis to the data
derived using our cluster-based approach.

LASSO and Bayesian Model Averaging were performed using the R packages glmnet and
mlogitBMA. All other analyses were conducted using SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA). IRB approval was obtained at University of California San Francisco for
secondary data analysis.

Identification and description of distinct clusters of BP response

Among persons randomized to intensive BP lowering, our cluster procedure identified three
distinct patterns of BP response, which were informed by a combination of nine BP
variables: baseline SBP, change in SBP, two measures of variability in SBP, and five
measures of variability in DBP (Table 1). While each of the nine variables showed
significant correlations with cluster membership, the strongest correlations were seen for
measures of BP deviation (for example, Spearman r=0.88 for standard deviation of DBP;
r=0.85 for average deviation of DBP; and r= 0.84 for maximum deviation of DBP
deviation), followed by baseline SBP (r=0.44) and SBP change (r=-0.41)).

Comparisons of baseline characteristics of participants in the lower target group who were
included and excluded from our analyses are shown in Supplemental Table 1. The BP
parameters within each of the patterns of BP response are summarized in Table 1.
Participants in the first cluster had the lowest baseline levels of SBP, DBP, and PP on
average relative to cluster 2 and 3. BP levels in cluster 2 were intermediate. Persons in
cluster 3 had the highest baseline BP levels and highest SBP and DBP variability during
intensification of therapy. While achieved levels of SBP, DBP, and PP at follow-up were
similar across the three clusters, there were substantial differences in BP variability. The
distribution of baseline SBP and SBP variability (two of the strongest predictors of cluster
membership) are depicted in Figure 2 across the three clusters.
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The baseline demographic and clinical characteristics of SPS3 participants included for
analyses are shown in Table 2, stratified by cluster and BP treatment strategy. Overall in the
lower SBP target group, the median age of participants was 62 years, 61% were male, 16%
were black, 38% had diabetes, 48% were on only one anti-hypertensive agent, and 67%
achieved the target SBP at 9 months. Participants were similar in terms of age and sex across
the 3 clusters. Those in cluster 3 (“large reducers”) were more often Black and less often
Non-Hispanic White relative to the other clusters in the lower target group. There were no
significant differences in body mass index, prevalence of baseline diabetes, or prevalent
cardiac disease between the clusters in the lower BP group.

The number of anti-hypertensive medications used at baseline was lowest in cluster 1 and
highest in cluster 3 in lower target group. While the prevalence of antihypertensive use
increased significantly during the intensification period in all three clusters, participants in
cluster 3 remained significantly more likely to be on three or more agents (68%) relative to
cluster 2 (45%) and cluster 1 (32%) as seen in Table 2. Across all clusters, the use of major
classes of anti-hypertensive agents (diuretics, beta-blockers, calcium channel blockers, and
ACE-I/ARBS) increased over time, with the largest increase in usage of all classes of
medications noted in cluster 3. For example, the use of ACE-I and ARBs increased from
78% at baseline to 86% at month 9, and use of diuretics increased from 43% at baseline to
83% at month 9 in cluster 3. In cluster 1, use of diuretics increased from 39% to 59% by
month 9, and use of ACE-Is/ARBs increased from 71% to 79% between baseline and
follow-up in cluster 3.

We then assigned cluster membership to participants randomized to the higher target group
using the cluster construction rules derived from the lower SBP target group. Characteristics
of participants within each cluster in the higher BP target group were very similar to those in
the same cluster that were randomized to the lower BP target group (Table 2).

between patterns of BP response and adverse outcomes

Among persons in the lower target group, during a median-follow-up of 3.8 years [IQR 2.2—
5.4], there were 89 deaths, 129 MVEs, and 100 strokes. The mild reducers (cluster 1) had
the lowest rates of death, MVE, and stroke compared to moderate or large reducers. In
demographic adjusted analysis, compared to mild reducers, moderate reducers (cluster 2)
had a higher risk of death, MVE and stroke (Table 3). Further adjustment for cardiovascular
risk factors in multi-variable models did not significantly attenuate these associations.
Compared with mild reducers (cluster 1), persons in cluster 3 (large reducers) had a 2.3
times higher risk of death (Table 3), and associations were not attenuated after adjustment.
Rates of MVE and stroke were somewhat higher in large reducers relative to mild reducers,
but the associations were not statistically significant.

We then repeated the analyses using the higher BP target group as a validation cohort.
Among persons in the higher target group, during a median-follow-up of 3.8 years [IQR
2.1-5.3], there were 73 deaths, 144 MVEs, and 118 strokes. Our multi-variable analysis in
the higher target group confirmed that mild reducers had the lowest rates for death, MVE
and stroke. In contrast to findings in the lower target group, moderate reducers in the higher
target group were at no increased risk for death, MVE or stroke compared with mild
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reducers. We confirmed that large reducers in the higher target group had the highest risk for
death compared to mild reducers, as seen in the lower target group. Large reducers also had
higher rates of MVE and stroke compared to mild reducers, but there were no statistically
significant differences between the groups, which was similar to findings in the lower target
group (Table 3).

In additional analyses, we also examined the association between each baseline BP
parameter included in our cluster construction and risk of death, MVEs, and stroke in the
lower BP target group in order to provide comparisons to our cluster-based approach.
Substantial variations were noted between each individual BP parameter and its association
with outcomes of interest. For example, every 10 mm Hg increase in baseline SBP was
associated with a 1.38 times higher risk of death (95% CI 1.13-1.68), but was not associated
with the risk of MVE (HR 1.12 [95% CI 0.96-1.31]) or stroke (HR 1.06 [95% CI 0.88-
1.26]) in the lower BP target arm. Change in average deviation of SBP between
randomization and month 9 was associated with a 1.21 times higher risk of death in the
lower target arm (95% CI 1.03-1.42), but was not statistically significantly associated with
risk of death in the higher target arm (HR 1.15 [95% CI 0.95-1.38]). Change in SBP
between randomization and month 9 was not associated with risk of death (HR =0.89 [95%
Cl1 0.72-1.10]), MVE (HR 1.03 [95% CI 0.85-1.27]), or stroke (HR 1.02 [95% CI 0.82-
1.27]) in the lower BP target arm.

Discussion

Among persons with a history of lacunar stroke who were previously randomized to lower
BP targets, we identified three distinct patterns of BP responses during intensive BP
lowering in the first nine months of SPS3 trial. These patterns were best distinguished by the
combination of baseline SBP and its change, in addition to visit-to-visit SBP and DBP
variability. Moreover, these distinct patterns of BP response were associated with a
differential risk of adverse outcomes in the lower BP target group. Specifically, we found
that persons with lower baseline SBP and the lowest BP variability during intensification of
therapy had the lowest risk of death, MVE, and stroke. Persons who started with the highest
baseline SBP and exhibited the greatest visit-to-visit BP variability during intensification of
therapy had the highest risk of death. This cluster also had somewhat higher rates for MVE
and stroke compared with low reducers, but these were not statistically significant. These
findings were similar when we applied the cluster rules to persons randomized to the higher
BP target group. Taken together, our findings suggest that discrete patterns of BP response
are identifiable during active intensification of anti-hypertensive therapy, and that these
patterns may identify persons who are at higher risk for adverse clinical outcomes,
particularly death.

To our knowledge, no prior study has described whether there are different phenotypes of
BP response during the intensification of anti-hypertensive therapy. Methodologically, it can
be challenging to develop an approach capable of assessing concomitant changes in all
components of BP during intensification of therapy. Using machine learning, we showed
that incorporating baseline levels and changes in SBP and DBP during active intensification
of antihypertensive treatment can identify distinct phenotypes of BP response during
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treatment. This classification is important, as these patterns may represent different vascular
phenotypes and appear to associate differentially with risk of adverse outcomes, particularly
death. Our findings using a machine learning approach are consistent with other studies
which have also found that both elevated baseline BP and BP variability parameters are both
important determinants of stroke risk.[15]

In our study, we found that persons in cluster 1 had the lowest risk for adverse events
whether or not they had been previously randomized to lower or higher BP targets. On the
other hand, large reducers had the highest risk of death, and these findings were consistent
among persons randomized to the lower and higher BP target. Both BP target groups did
experience a lowering of their BPs during the trial, albeit to different degrees based on the
different BP targets. Our cluster approach was able to identify subgroups of participants at
the highest risk of death (large reducers), regardless of the treatment target. Recent data from
SPRINT suggest that the benefits and risks of BP lowering may vary based on baseline
characteristics [16]. Our findings support the notion that persons with higher BP at baseline
are at increased risk for adverse events. Whether or not such individuals derive greater
benefit than harm is beyond the scope of the current analyses, as we are limited in our power
to detect interaction between cluster assignment and BP treatment strategy.

Our findings on the association of cluster 2 membership with MVE and stroke were less
consistent - specifically cluster 2 had a higher risk of MVE and stroke in the lower, but not
higher BP target group, although findings in both groups did not achieve statistical
significance. While the reasons for this finding are unclear, the lack of association between
cluster membership with the outcomes of MVE or stroke may be due to the lower number of
events in this cluster.

The use of the concept of machine learning to allow computers to detect patterns in large
data that may not be readily detected is relatively novel in the field of hypertension. Given
the vast literature which has supported the importance of multiple different components of
BP in determining the risk of adverse outcomes, a machine learning approach may help
synthesize data and identify patterns of BP changes that cannot be detected using traditional
statistical approaches [12]. Application of machine learning in hypertension may be
especially useful in the era of widespread electronic medical health record systems, given
that BP pattern detection could potentially be embedded into such systems to help identify
patients with differing risk of adverse events during BP intensification.

A particular strength of SPS3 is the availability of repeated BP measures, well-characterized
persons undergoing BP intensification in the setting of a clinical trial, and long-duration of
follow-up. Another strength was our ability to validate our findings in the lower BP target
group using the higher BP target group, since both groups experienced a lowering of their
BPs during the trial. The strength in our cluster approach was reflected especially in its
ability to identify clusters with similar baseline characteristics in the higher BP target group
(compared to that in the lower target group) during our validation process. Limitations to our
study include the observational nature of the data and generalizability of our results to the
non-trial population, who may differ from trial participants. Our data are most applicable to

Blood Press. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ku et al.

Page 9

persons with a history of lacunar stroke who do not have other significant cardiovascular co-
morbidities such as chronic kidney disease or congestive heart failure.

Further studies are needed to corroborate our findings in other at-risk populations, and to
determine whether persons who start with very elevated baseline SBP derive the same
benefit from aggressive BP lowering compared to those with lower baseline SBP. Attention
to patterns of BP change (especially baseline BP and BP variability during intensification of
therapy) during intensive BP lowering may be helpful in identifying patients with a higher
risk of adverse outcomes during intensive BP lowering, and patients with the greatest
potential for benefit from intensive BP lowering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
lllustration of BP variability calculation.!

For each observed BP measurement (x;), the deviation (d;) is defined as the distance to the
regression line, or the absolute value of the residual (observed minus predicted value).
1Deviation variables were calculated as follows:

4
Average deviation=d= _|d;| /4=(11.1+16.3+0.7+5.9) /4=8.5 mmHg
i=1
0.5

4
SD of deviation:SDd:dZ[Z(|di| - 5)2/(4 —1)] =6.7
i=1

CV ;of ; deviation=CV4=100 x SDq/d=100 x 6.7/8.5=79%
Maximum deviation: Max 4 = |d,| = 16.3
4 0.5
SD of BP=SD,,,=[> (|X; — X)%/(4—1)] =[(176 — 152)%+... +(142 — 152)]°/3=16.3
i=1
CV of BP:=CV,,=100 x SD,, /X=100 x 16.3/152=10.7%
Maximum BP: x; = 176
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Figure 2.
Association of baseline SBP with SBP variability, stratified by cluster membership.

Blue open circles and solid line denote cluster 1. Red plus symbols and dashed line denote
cluster 2. Green x symbols and dash/dot line denote cluster 3. Elliptical curves denote 95%
confidence regions for each cluster.
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Table 1

Summary of candidate BP measures selected a priori for the derivation of cluster membership (among SPS3
participants in lower SBP target group).

Cluster 1 Cluster 2 Cluster 3
Parameter “Mild reducers” (n=671) “Moderate reducers” (n =503) “Large reducers” (n =157) P-value

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Baseline BP:

SBP (mmHg) *
DBP (mmHg)
PP (mmHg)
Follow-up BP:
SBP (mmHg)
DBP (mmHg)
PP (mmHg)
Change in BP:
SBP (mmHg) *
DBP (mmHg)
PP (mmHg)

SBP Variability Measures:
Average deviation
SD of deviation *

Maximum deviation

SDof SBP™
Maximum SBP

DBP Variability Measures:
Average deviation *
SD of deviation ™

. .. *
Maximum deviation

SD of DBP

Maximum DBP *

136 (127, 144)
75 (69, 80)
60 (53, 69)

126 (121, 133)
71 (65, 76)
56 (51, 62)

-9 (-17, -1)
-4(-9, 1)
-5 (-11, 1)

57(4.3,7.1)

3.8(2.7,5.2)
10.4 (7.7,13.2)

85 (5.8, 11.2)
139 (131, 148)

3.3(25,3.9)
2.0(14,2.7)
5.7 (4.4, 6.9)
46(33,5.8)

77 (72, 82)

146 (135, 158)
80 (73, 86)
66 (56, 76)

127 (119, 135)
70 (64, 77)
56 (50, 64)

-20 (-31, -6)
-11 (17, -2)
-9(-17,-2)

9.3(7.4,11.8)

59(4.3,7.8)
16.5 (12.8, 20.1)

15.1 (11.8, 18.3)
151 (141, 161)

5.7 (4.9, 6.5)
3.7(2.8,4.5)
9.8 (8.5, 11.5)
8.4(7.5,9.7)

83 (78, 88)

165 (150, 176)
90 (82, 97)
74 (62, 84)

127 (118, 136)
70 (65, 78)
56 (50, 63)

-40 (=53, —24)
-23 (<27, -13)
-18 (<28, -7)

145 (12.0, 17.8)

9.8(7.5,12.3)
25.7 (22.4,29.9)

24.8 (19.4, 28.5)
169 (158, 183)

8.7 (7.5, 10.0)
6.1(4.9,7.1)
15.5 (13.6, 17.5)
13.5 (12.3, 15.1)

93 (87, 100)

<.0001
<.0001
<.0001

0.83
0.80
0.36

<.0001
<.0001
<.0001

<.0001

<.0001
<.0001

<.0001
<.0001

<.0001
<.0001
<.0001
<.0001

<.0001

*
Selected for use in final model for cluster derivation. SD = standard deviation
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