Blood Pressure Variability: A New Predicting Factor for Clinical
Outcomes of Intracerebral Hemorrhage
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Spontaneous primary intracerebral hemorrhage (ICH) is a stroke subtype associ-
ated with the highest mortality rate. High blood pressure (BP) is the most common
cause of non-lobar ICH. Recent clinical trials have been inconclusive regarding the
efficacy of aggressive BP lowering to improve ICH outcome. The association
between high BP and ICH prognosis is rather complex and parameters other than
absolute BP levels may be involved. In this regard, there is accruing evidence that
BP variability (BPV) plays a major role in ICH outcome. Different BPV indices have
been used to predict hematoma growth, neurological deterioration, and functional
recovery. This review highlights the available evidence about the relationship
between BPV and clinical outcomes among patients. We identified standard devia-
tion (SD), residual SD, coefficient of variation, mean absolute change, average real
variability, successive variation, spectral analysis using Fourier analysis, and func-
tional successive variation (FSV) as indices to assess BPV. Most studies have dem-
onstrated the association of BPV with ICH outcome, suggesting a need to monitor
and control BP fluctuations in the routine clinical care of ICH patients. When large
inter-subject variability exists, FSV is a viable alternative quantification of BPV as
its computation is less sensitive to differences in the patient-specific observation
schedules for BP than that of traditional indices.
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Introduction

Spontaneous primary intracerebral hemorrhage (ICH)
accounts for 10—15% of all strokes and carries a mortality
of approximately 40% within one month, with the bulk
occurring within the first few days.l To date, few treat-
ment options are available. Prognosis mostly depends on
ICH volume and location.

The pathogenesis of spontaneous non-lobar ICH
remains enigmatic. Several risk factors such as high BP,
advanced age, diabetes mellitus, cigarette smoking, alco-
hol consumption, substance abuse, anticoagulants and/or
antiplatelets use, and APOE €2/€4 genotypes have been
identified.” Lipohyalinoid necrosis of small vessels in sub-
cortical areas of the basal ganglia, thalamus, pons, and
cerebellum, with subsequent rupture due to uncontrolled
arterial hypertension, is one of the possible etiologies for
non-lobar ICH.”* Since arterial hypertension is the main
cause of non-lobar ICH,” lowering BP in the acute setting
is considered a preventive measure of paramount impor-
tance. Elevated BP not only triggers ICH, but is also com-
monly observed after ICH. Furthermore it is associated
with hematoma growth, neurological deterioration, and
poor outcomes.” ® Although intensive reduction of BP
has been proposed to prevent neurological deterioration
following ICH, recent randomized trials have casted
doubt on the efficacy of aggressive BP-lowering
treatment.” ° In the Intensive Blood Pressure Reduction
in Acute Cerebral Hemorrhage Trial 2 (INTERACT2),
intensive BP reduction to a target systolic BP (SBP) of
<140 mm Hg within six hours of symptom onset
improved functional outcome, compared with SBP of
<180 mm Hg. Nevertheless, the treatment failed to reduce
the rate of death or severe disability defined by a modified
Rankin Scale (mRS) score of 3—6.” In the Antihypertensive
Treatment of Acute Cerebral Hemorrhage-II (ATACH-II)
trial, the reduction of SBP to 110-139 mm Hg within
4.5 hours of ICH onset, in comparison to 140—179 mm
Hg, also failed to reduce the rate of death or disability.”’
These findings undermine the efficacy of aggressive BP
reduction in the hyperacute stage of ICH and underline
the complex nature of the association between BP and
ICH.'” However, an important limitation with both stud-
ies was the lack of inclusion of individuals with low Glas-
gow Coma Score and large intra-parenchymal
hematomas, thus providing little data on the safety of
intensive lowering of systolic BP among individuals with
the highest intracranial pressures where cerebral autore-
gulation is likely to be further impaired. Therefore, the
effect of BP-lowering on the course of ICH cannot be
exclusively explained by mean SBP reduction, and other
parameters may be involved. The influence of BP variabil-
ity (BPV) on the outcome of cardiovascular and neurovas-
cular disorders has recently attracted attention. BPV has
been associated with the development, progression, and
severity of cardiac, vascular, and renal damage, as well as
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increased risk of cardiovascular events and mor’cality.l 112

High BPV may also increase the risk of death following
acute ischemic stroke, and has been associated with worse
neurologic outcomes.'*'* In this regard, there has been
increasing attention to explore whether BPV can also
influence ICH outcome. The present review revisits the lit-
erature regarding the indices used to assess BPV and the
relationship between BPV and ICH outcomes.

Suggested indices to measure BPV

BPV refers to data summaries that quantify the variance
of BP readings over time. The term BPV encompasses a
wide range of BP variations, occurring very short—term
BPV (over seconds or minutes), short—term BPV (over 24
hours), mid—term BPV (over days), and long—term
BPV.'"""""'7 Generally, the changes in BP can be divided
into those without regular features (random or erratic
changes) and those characterized by well—defined pat-
terns over time and related to biological or pathophysio-
logical responses, as in the acute phase of ICH. The
former can be described using simple measures of disper-
sion, such as standard deviation (SD) of average values
over a given time-window,'® which can also be adjusted
for trends in underlying mean BP as in the coefficient of
variation (CV),'® and residual SD (RSD)."” Mean absolute
change (MAC),*2! average real variability (ARV), and
variability between successive recordings (successive var-
iation [SV]) are other suggested indices of BPV that take
into account the sequence of measurements over time™”
(see Table 1 for the definition of the variables). Among
more sophisticated methods in assessing BPV, Fourier
spectral analysis techniques are particularly relevant.
These techniques can also be used for discontinuous 24 h
BP monitoring, where the residual variability is obtained
by removing the slower cyclic components of 24 h
BPV,*** and functional successive variation (FSV) that
accounts for time elapsed between BP measurements."’

SD is the simplest and most commonly used measure of
BPV. It represents the dispersion of values around the
mean but does not consider the order in which BP is mea-
sured, and it is confounded by the contribution of BP falls.
As variants of SD, both CV and RSD, may suffer from
similar problems. MAC, ARV, and SV estimate the varia-
tion in successive measurements and thus take the order
into account, but do not incorporate the relative spacing
between BP measurements, which can differ from patient
to patient, especially in retrospective studies.'’ Spectral
analysis allows the quantification of BPV at different time
scales, for example, long-term (low frequency) or short-
term (high frequency) volatility, but often they are
assessed using various discrete frequency bands and are
generally only suitable for the assessment of short-term
variations.

A newly introduced BPV index is FSV, which targets a
quantity that is independent of the BP recording intervals.



Table 1. Definition of BPV indices.

BP index

Definition

Statistical Comment

Clinical Comment

Standard Deviation (SD)'®

Coefficient of Variation
(CV) 18

Residual SD (RSD)"”

Average Real Variability
(ARV)?*

Mean Absolute Change
(MAC)*!

Successive Variation
(SV)*

Functional Successive
Variation (ESV)'°

Variation Independent of
the Mean (VIM)™

Classical SD of observed BP values

SD divided by mean BP

SD of residuals from the linear
regression model BP = a + bxtime

Average of absolute differences
between consecutive recordings
over 24 hours

Weighted average of absolute dif-
ferences between consecutive
recordings, with weights inversely
proportional to the length of time
between recordings

Dispersion between successive
recordings, measured as square
root of average squared differen-
ces between successive values

Integral of the absolute value of
derivative of SBP curve, the latter
being estimated using methods of
functional data analysis

SD x (average mean BP / mean
BP)*, where x is estimated from
the nonlinear cohort model
SD =a x (mean BP)*

Reflects only the dispersion of
values around the mean

Adjusts for mean BP, but ignores
ordering of BP observations

Adjusts for linear mean BP
trend, ignores ordering of BP
observations

Accounts for consecutive nature
of BP recordings, but not the
spacing

Weights account for order of and
spacing between recordings

Similar to ARV, but with
squared instead of absolute
differences

Targets a continuous version of
SV, obtained as a limit when
the number of recordings
increases

A correction to CV to decrease
correlation with mean SBP

It has been questioned as an appropriate index of short-term
BPV, considering the fact that SD only reflects the dispersion
of values around the mean, does not account for the order in
which BP measurements are obtained, and is sensitive to the
low sampling frequency of BP readings. Furthermore, SD is
influenced by outliers or extreme BP values.

As BPV largely depends upon mean blood pressure values,
average SD can be divided by corresponding mean arterial
pressure to normalize short-term BPV

Representing the fast BP fluctuations that remain after exclu-
sion of the slower components of the 24-hour BP profile

Focuses on short-term BP changes and is not affected by the
circadian (dipping) phenomenon. It is sensitive to the indi-
vidual BP measurement order and less sensitive to low sam-
pling frequency of BP measurements.

BP changes of same amplitude but differing in duration con-
tribute differently to the overall sum of variability.

Although SV accounts for the order, the relative spacing
between BP recordings is not incorporated into this index,
which can differ from patient to patient, particularly in retro-
spective datasets.

It is a useful approach where there are irregular longitudinal
data in order to estimate outcome trends, as it compensates
for both inter-subject variability and intra-subject correlation
and ensures that essential trends for recovery patterns are not
overlooked due to limitations of the statistical analysis.
Unlike other indices, FSV is defined to be independent of the
BP measurement intervals and is similar to SV in that it
measures variation in successive measurements. It is there-
fore robust to measurements that are heterogeneous across or
between cohorts, due to reasons such as different numbers or
spacing of recording intervals or random missing values.

It has no correlation with mean BP level. Furthermore, the esti-
mation of VIM is derived from the distribution of BP within
each cohort in study, and thus the value itself cannot be com-
pared across populations.
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FSV is useful for heterogeneous recordings across or
between cohorts because of different numbers or spacing
of recording times or missing values."” The few studies
directly comparing the prognostic value of different esti-
mates of BPV have not provided clear indications about
the preferred index.'? At present, a reasonable choice
could be to use the indices supported by the strongest out-
come evidence, at least until better solutions are found. It
is also important to consider that these estimates of BPV
may be statistically correlated with mean BP levels, and
therefore, it is important to adjust for average BP when
assessing outcomes. In research, this can be achieved with
statistical methods, while in individual patients, a mathe-
matical correction made by calculating the coefficient
of variation (CV = SDmE%) or the variation independent
of the mean® can be helpful to gauge the entity of BPV
relative to the average BP level. Table 1 presents a sum-
mary of the discussed BPV indices.

BPV after ICH and clinical outcomes

Preliminary work on the impact of BP changes and ICH
outcome has been done by Rodriguez-Luna and col-
leagues.” In this prospective study, the associations of BPV
with hematoma growth (>33% or >6 ml), early neurological
deterioration defined as an increase of 4 points or more on
the National Institute of Health Stroke Scale (NIHSS) score
or death at 24 h, and 3-month mortality in patients with
acute supratentorial ICH were studied. Participants were 117
patients who had baseline and 24 h head computed tomog-
raphy (CT) and CT angiography (CTA) in order to assess the
presence of a "spot-sign". BP was recorded every 15 min dur-
ing the first 24 h. Maximum and minimum BP, maximum
BP increase and drop from baseline, and BPV values from
SBP, diastolic BP (DBP) and mean arterial pressure (MAP)
were calculated. The proportions of recordings >180 and
>130 mmHg were considered as SBP and MAP loads,
respectively. The results of this study showed that baseline
BP parameters (SBP, DBP, and MAP) were not associated
with hematoma growth and clinical outcomes. However,
SBP >180-load was found to be independently associated
with hematoma growth [odds ratio (OR)=1.05, 95% confi-
dence interval (CI): 1.010 —1.097, p = 0.016]. Moreover, both
SBP >180-load (OR=1.04, 95% CI: 1.001-1.076, p=0.042)
and SD for SBP variability (OR=1.2, 95% CI: 1.047—1.380,
p =0.009) were independently associated with early neuro-
logical deterioration. In the spot-sign-positive group, none of
the BP monitoring parameters were associated with hema-
toma growth. Nevertheless, higher maximum BP increase
from baseline, SBP [median (IRQ): 31 (47.8) vs. 12 (24.5) mm
Hg, p =0.008], DBP [median (IRQ): 28 (13.5) vs. 15 (20.5) mm
Hg, p=0.048], and MAP [median (IRQ): 27.5 (22.8) vs. 8
(16.5) mm Hg, p =0.009] loads were associated with hema-
toma growth in the spot sign negative group. In the spot
sign negative group, higher SBP > 180-load [34.6% (70.5%)
vs. 0% (13.4%), p = 0.004] and MAP >130-load [8.6% (39.8%)
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vs. 0% (8.5%), p=0.020] were associated with hematoma
growth.

A post-hoc analysis of INTERACT2 indicated that SBP
variability can be a predictor of poor outcome in patients
with acute ICH, and the benefit of lowering SBP to
140 mm Hg may be increased by smooth and sustained
control, especially by avoiding SBP peaks.”” SD of SBP
was estimated using five BP measurements in the first
24 hours (hyperacute phase) and 12 measurements during
days 2-7 (acute phase) that were categorized into quin-
tiles. In this post-hoc analysis, 2645 (93.2%) patients in the
hyperacute phase and 2347 (82.7%) in the acute phase
were studied. There was a significant linear association
between SD of SBP and the primary outcome in both the
hyperacute (highest quintile adjusted OR =1.41, 95% CI:
1.05-1.90; p =0.0167) and acute (highest quintile adjusted
OR =1.57, 95% CI: 1.14-2.17; p = 0.0124) phases. The pri-
mary outcome was defined as death or major disability at
3 months mRS score > 3) and the secondary outcome as
an ordinal shift in mRS score at 3 months. Associations
were similar for the secondary outcome (highest quintile
adjusted OR=1.43, 95% CI: 1.14-1.80, p=0.0014 for the
hyperacute phase and OR=1.46, 95% CI. 1.13-1.88,
p = 0.0044 for the acute phase).

In the secondary analysis of the ATACH-II trial,”?
the association of SBP and SBP variability in the acute
and subacute stages of ICH (defined as 2-24 hours and
2, 3, and 7 days after ICH onset, respectively) and out-
comes were assessed. Primary and secondary out-
comes, defined as a mRS score of 3-6 and a utility-
weighted mRS at 3 months, respectively, were studied.
There were 913 and 877 patients in the acute and sub-
acute phases, respectively. Mean BP and 5 different
indices of SBP variability (i.e., SD, CV, ARV, SV, and
RSD) were calculated. All indices of SBP variability
were associated with the primary neurological out-
come in the acute and subacute ICH stages. No associ-
ation between the mean SBP variability and ICH
outcomes was observed.

A pre-planned pooled analysis of individual patient
data acquired from the combined INTERACT2 and
ATACH-II trials” showed that low SD of SBP within
24 hours was associated with HG (>6 mL) from baseline
to 24 hours (adjusted OR=1.21, 95% CI. 1.02—-1.43,
p=0.0330), neurological deterioration over 24 hours,
defined as 4 points or more increase in baseline NIHSS, 2
points or more decrease in baseline in Glasgow Coma
Scale, or treatment-related symptomatic hypotension
requiring corrective therapy, (adjusted OR =1.41, 95% CI:
1.23—-1.61, p < 0.0001), death within 3 months (adjusted
OR=1.16, 95% CI: 1.01-1.34, p=0.0373), and any cardiac
or renal serious adverse event within 3 months (adjusted
OR =1.22, 95% CI: 1.09—1.36, p = 0.0004).

A retrospective study investigated the influence of
SBP and DBP variabilities in 138 patients with ICH. In
this study, BP recordings were made during the first
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72 hours from symptom onset. Indices of BPV including
SD, CV, and the max-min difference of BP were calcu-
lated.”” The study showed a dose-response relationship
between poor outcome (defined as 3-month mRS score
of 2-6 if the baseline NIHSS score was <7, mRS score of
3-6 if the NIHSS score was 8-14, and mRS score of 4-6 if
the NIHSS score was >15) and each measure of SBP var-
iability (adjusted ORs for the highest thirds of SD =7.95,
95% CI: 2.88-21.90; CV =7.74, 95% CI: 2.88-20.80; maxi-
mum-minimum = 8.36, 95% CI: 2.72-25.62; all p values <
0.001). The strength of the association with DBP varia-
bilty was weaker and only significant for the higher val-
ues of variability (adjusted ORs for the highest thirds of
SD =6.74, 95% CI: 2.52-18.04, p < 0.001; CV =4.57, 95%
CI: 1.77-11.81 p < 0.001; maximum-minimum =4.34,
95% CI: 1.72-10.93 p < 0.001).

In a multisite cohort, Meek et al.”™ assessed in-hospital
SBP variability in ICH patients and evaluated the associa-
tion between high SBP variability and 3-month severe dis-
ability or death and the association of pre-hospital factors
with high SBP variability. SBP and inter- and intra-patient
SBP variability were quantified with a SD value of 13.0 set
as the cut-off point for high SBP variability. A total of 566
ICH patients were examined. Patients with high SBP vari-
ability showed a higher risk of 3-month severe disability
or death (mRS score of 4—6, relative risk [RR] =1.20, 95%
CI: 1.04-1.39), after adjustment for age, pre-morbid func-
tional status, and other disease severity measures. In addi-
tion, a greater likelihood of in-hospital high SBP
variability was independently seen in elderly, female
patients, those with high admission SBP, and higher base-
line glucose.

In a recent retrospective study conducted by Divani
et al.,'’ ten years of consecutive data of 762 spontaneous
ICH patients at 2 healthcare systems were used to assess
the association between SBP variability in the first 24

1'30

hours of admission and in-hospital ICH outcome. The
authors calculated SD, CV, SV, range, and FSV for SBP,
DBP, and MAP variabilities. The primary outcome was
the mRS score at discharge categorized into dichotomous
(0—3 and 4—6) and trichotomous (0—2, 3—4, and 5—6) var-
iables, in addition to hematoma growth as a secondary
endpoint. The ordinal regression analysis showed that
SD, CV, SV, range, and FSV for SBP variability were sig-
nificantly associated with an unfavorable outcome (mRS
score of 4—6), while SD, CV, range, and FSV exerted a sig-
nificant impact upon poor (mRS score of 3-4) and severe/
death (mRS score of 5-6) outcomes. The DBP and MAP
variabilities were not associated with the primary out-
come. ICH patients with normal BP experienced signifi-
cantly lower mean SBP variability according to all BPV
indices in comparison with the untreated-hypertension
cohort indices and in 3 out of 5 SBP variability indices
(SD, range, and FSV) in comparison with treated-hyper-
tension patients. It is worth noting that lower mean SBP
variability of treated-hypertension versus untreated-

hypertension patients was only seen in the SV and FSV
(p =0.045). Furthermore, none of the SBP variability indi-
ces was associated with HG.

In another study, the association between BPV and ICH
outcomes was assessed using SAMURAI-ICH cohort
data.” A total of 205 patients with hyperacute ICH
(<3 hours from onset) and initial SBP >180 mm Hg that
was lowered to 120-160 mm Hg using intravenous nicar-
dipine was included. BP was recorded hourly over the
first 24 hours, and SD and SV of SBP and DBP were calcu-
lated. The associations of SBP variability with neurologi-
cal deterioration (>2 decrease in Glasgow Coma Scale or
>4 increase in NIHSS from baseline in 72 hours), hema-
toma growth (>33% growth from baseline to 24 hours),
and unfavorable outcomes (mRS score of 4—6 at 3
months) were evaluated. Multivariate logistic regression
analysis revealed an association between neurological
deterioration and SD of SBP (OR =2.75; 95% CI: 1.45—6.12
per quartile) and SV of SBP (2.37; 1.32—4.83), as well as an
association between unfavorable outcomes and SV of SBP
(1.42; 1.04—1.97). Additionally, the absolute and relative
change of hematoma volume were shown to be significant
across quartiles of both the SD and SV of SBP following
the adjustment for prognostic factors [absolute difference:
SD (p=0.009) and SV (p=0.025); relative change: SD
(p=0.033) and SV (p = 0.048]. Both the absolute difference
and relative change in hematoma volume were shown to
be highest in the upper quartiles of SD and SV.

Using a prospective database, Jeon et al.”’
104 patients with spontaneous ICH having intensive anti-
hypertensive treatment aiming at BP of lower than140
mmHg. SBP variability was calculated using the range,
SD, CV, and MAC. Hematoma growth and mRS score >3
were considered as primary outcomes, and an ordinal
shift in mRS at 3 months was considered as a secondary
outcome. MAC (adjusted OR =1.11; 95% CI: 1.02—-1.21;
p=0.012) was significantly associated with hematoma
growth even after adjustment for mean SBP level. SD
(adjusted OR =1.19; 95% CI: 1.03-1.38) and CV (adjusted
OR =1.27; 95% CI: 1.05-1.55) of SBP were significantly
associated with 3-month mRS after adjusting for mean

evaluated

SBP. There was a significant association between MAC of
SBP and higher mRS shift at 3 months (adjusted
OR =1.08; 95% CI: 1.02—1.15; p = 0.008).

A post-hoc analysis of data from FAST-MAG investi-
gated the influence of BPV on outcomes of patients with
ICH and showed that BPV during the first hours after
symptom onset was independently associated with unfa-
vorable (defined as mRS 3-6 at 3 months).** BP values
were recorded in the hyperacute stage (0 to 6 hours) and
the acute stage (0 to 26 hours) subsequent to ICH onset.
SD, CV, and SV were considered among the measures of
BPV. In the study, an unfavorable outcome (mRS score of
3—6) at 3 months was observed in 270 out of 386 patients
(69.9%). In the multivariable analysis, mean and maxi-
mum SBP were not associated with unfavorable
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outcomes, while all the three measures of BPV were asso-
ciated in both the hyperacute and acute ICH stages. BPV
was associated with unfavorable outcome in the hyper-
acute phase [for the highest quintile of SD (adjusted
OR =3.73,95% CI: 1.58-8.80, p < 0.01), the highest quintile
of CV (adjusted OR =4.78, 95% CI: 2.00—11.40; p < 0.001),
and the highest quintile of SV (adjusted OR =3.39, 95%
CI: 1.44-8.00; p < 0.01), compared to the lowest quintile.
In the acute phase, BPV was associated with unfavorable
outcome [for the highest quintile of SD (adjusted
OR =5.06, 95% CI: 1.95-13.1, p < 0.01), the highest quintile
of CV (adjusted OR =4.97, 95% CI: 1.93—-12.84; p < 0.001),
and the highest quintile of SV (adjusted OR =5.60, 95%
CI: 2.12-14.7; p < 0.001), compared to the lowest quintile.
BPV remained strongly associated with the outcome, sug-
gesting that BPV in the hyperacute stage of ICH maybe
even of greater prognostic relevance than the absolute BP
target. Although one merit of this study was the evalua-
tion of BPV in hyperacute ICH, its drawback was the lack
of adjustment for prognostic factors such as hematoma
volume, growth, and location. Additionally, this study
did not explore the association of BP with early neurologi-
cal deterioration.

A recent single-center, retrospective chart review of
patients admitted with spontaneous ICH compared the effect
of nicardipine, labetalol and/or hydralazine. Those individu-
als treated with nicardipine infusion had significantly less
BPV (p=0.04) and were more likely to attain a target SBP
<140 mmHg (p < 0.01).”

These findings build upon the emerging evidence that
not only absolute BP levels, but even their fluctuations
over time can influence the outcome of ICH,>**?3* and
suggest how sustained BP control and stabilization of BP
values during the acute state of ICH might represent a
neglected target of intervention.

Mechanisms underlying the association of
BPV and ICH outcomes

The idea that exaggeration of BPV may be detrimental
for the brain following ICH is physiologically plausible.
Several mechanisms may explain the detrimental effects
of BPV during the hyperacute/acute stage of ICH. The
brain has a high metabolic demand for oxygen, any pro-
cess that enhances perfusion variability has the potential
to destabilize tissue oxygenation leading to neuronal
injury. An excessive perfusion can result in the break-
down of the blood-brain barrier resulting in transudation
of fluid into the interstitium with edema development
and increasing hematoma volume. Recurrent sudden rises
and fluctuations of BP during the active bleeding stage
can exacerbate hematoma growth.””” BPV can contribute
to hematoma growth and edema formation by impeding
cerebral autoregulation.”” Recurrent sudden falls of BP
can increase perihematomal ischemia, as well as ischemia
in the areas of remote penetrating arteries.”® BP rise and
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fall can disrupt the blood-brain barrier (BBB) and promote
vasogenic perihematomal edema.” Higher BPV can also
cause cell death in the area of impaired cerebral autoregu-
lation through higher fluctuations of cerebral blood flow
(CBF) following the active bleeding period.”* Cerebral
perfusion pressure (CPP) in the ICH territory and sur-
rounding perihematomal tissue depends heavily upon
systemic BP, and BP fluctuations can amplify the second-
ary brain injury within the potentially viable perihemato-
mal region by directly influencing CBF and CPP.”
Therefore, stringent control of CBF is pivotal for normal
brain function after ICH. In the acute stage of ICH, the
fluctuation of cerebral perfusion pressure is aggravated
by short-term BPV due to impaired automatic regulation
of CBF.” However, while it is generally recognized that
BP is an important determinant of CBF, the exact relation-
ship between pressure and flow is more complex as actu-
ally known.™ This concept implies that mechanisms
normally involved in systemic blood pressure control are
relatively unimportant for CBF in the presence of intact
cerebral autoregulation, while they become relevant in
the presence of a failure of cerebral autoregulation.
Although the precise mechanisms underpinning these fea-
tures of cerebral autoregulation in ICH are still under
investigation,” it is clear that CBF exhibits variability,
and that BPV is an important determinant of this variabil-
ity.”” Finally, different phenotypes are also associated
with high BPVy such as female gender, older age, low
heart rate, increased heart rate variability, elevated BP,*°
and untreated hypertension.'’

However, a reverse causality between BPV and out-
come cannot be ruled out because more severe strokes
may be accompanied by greater autonomic dysfunction
and sympathetic imbalance leading to higher BP variabil-
ity. The independent association between BPV and out-
comes after the adjustment for ICH severity parameters,
however, can provide evidence for the actual BPV contri-
bution.

BPV has not been consistently found to be associated
with hematoma growth®"*" possibly due to factors such
as time of onset to first CT scan or the time of the follow-
up CT scan that can lead to underestimating hematoma
growth rate. Nonetheless, a link between BPV levels, risk
of re-bleeding, and clinical outcome cannot be ignored.
Table 2 summarizes the findings of the main studies eval-
uating the effects of BPV on ICH outcomes.

The role of BPV indices in the prediction of
ICH outcome

In analyzing the outcome of ICH, large intersubject var-
iability in the number and frequency of BP measurements
should be taken into account. Some studies have not
reported consistent significant effects of the usual BPV
indices (e.g., SD, CV, and SV) using standard statistical
analysis techniques.””*> When large inter-subject



Table 2. Summary of studies exploring the effect of BPV on clinical outcomes after ICH.

Authors Year Study design Sample size BPV indices Frequency of measurements Main findings

Rodriguez-Luna 2013  Prospective cohort, 117 SD of SBP Every 15 minutes during the first ~ SD was associated with hematoma

etal.,” acute ICH 24 hours growth

Manning et al.,”’ 2014 RCT, hyperacute 2839 (2645 partici- SD of SBP Every 15 minutes during the first ~ SD was associated with mRS and ordi-

and acute ICH pants in hyperacute hour, every 6 hours between nal shift in mRS
phase and 2347 in 2-24 hours, and twice a day
acute phase) from days 2—7
Tanaka et al.,”’ 2014  Prospective cohort, 205 SD and SV Every 15 minutes during the first ~ SD and SV were associated with unfa-
hyperacute ICH 2 hours, every hour between vorable outcome
3-24 hours, and once at 48 and
72 hours
Lattanzi et al.,”’ 2015 Retrospective study, 138 SD and CV Every 4 hours during the first A dose-response association between
acute ICH 72 hours poor mRS and each measure of SBP
variability. DBP variability was sig-
nificant for higher values.
Jeonetal., *° 2018  Prospective cohort, 104 Range, SD, CV, Every 15 minutes during the first ~ SD and CV were associated with mRS.
acute ICH and MAC 2 hours and every hour MAC was associated with higher
thereafter mRS shift.

de Havenon et al.,”> 2018 RCT, acute and sub- 1000 (913 participants ~ SD, CV, ARV, SV,  Every hour between 2 to 24 hours  All of the indices were associated with

acute ICH in acute phase and and RSD post randomization and on worse neurological outcome.
877 participants in days 2, 3, and 7.
subacute phase)
Chung et al.,* 2018 RCT, hyperacute 386 SD, CV, and SV A total of 11 measurements in All indices of SBP variability were
and acute ICH the first 24 hours with 4 hour associated with mRS in the hyper-
intervals. acute and acute phases.

Moullaali et al.”® 2019 RCT, acute ICH 3829 SD SBP was measured in the first SD of SBP was associated with good
24 hours. Every 15 minute in outcome, functional independence,
the first hour of treatment and HG, neurological deterioration, death,
then at hours 6,12, 18, and 24 any serious adverse events.

Meek et al.,’m 2019  Prospective cohort, 566 SD Serial SBP and DBP recordings SD of SBP was associated with severe

acute ICH disability or death.

Divani et al.,'® 2019 Retrospective study, 762 SD, CV, SV, range, Every hour for the first 6 hours, All indices were associated with unfa-

acute ICH and FSV every 2 hours from 8-24 hours vorable outcomes. In ordinal models,

SD, CV, range, and FSV were found
to have a significant effect on the
probabilities of poor (mRS 3-4) and
severe/death (mRS 5-6) outcomes

SIWODLNO TVIINI'TD JO4 AOLOVI ONILOIATAd MAN V "ALITIAVIIVA TANSSTAd AOOT1d

Abbreviations: ARV: average real variability; CV: coefficient of variation; FSV: functional coefficient of variation; ICH: intracerebral hemorrhage; MAC: mean absolute change; mRS: modified
Rankin Score; RCT: randomized clinical trial; RSD: residual SD; SBP: systolic blood pressure; DBP: diastolic blood pressure; SD: standard deviation; and SV: successive variation, MAP: mean
arterial pressure, CT: computed tomography; ICU: intensive care unit.



8

variability exists, FSV is a viable alternative quantification
of BPV as it is defined in terms of the latent BP curve in
continuous time and, hence, is independent of the patient-
specific observation schedule for BP monitoring. Practi-
cally, however, FSV must be approximated by the BP
measurements taken at discrete times. In order to mitigate
the bias that may be associated with having fewer BP
measurements,'” FSV is estimated using methods of func-
tional data analysis.44’45 These methods efficiently utilize
BP measurements from all patients in order to more accu-
rately recover each patient’s FSV and use it in the evalua-
tion of the association with outcomes. Specifically,
estimation of FSV is achieved by first estimating the deriv-
ative on a very dense time scale using functional data
analysis,44 followed by numerical integration. An exam-
ple demonstrating the potential advantage of FSV over
other BPV indices in cohorts with large inter-subject vari-
ability in BP recordings was shown in the study by Divani
et al.,'” where FSV and SV were the only BPV indices to be
significantly different between hypertensive patients who
had been treated for their hypertension and those who
had not.

Concluding remarks

The concerns regarding the optimal management of
high BP following ICH have not been fully addressed.
Randomized controlled trials have failed to demonstrate a
positive influence of intensive BP lowering on ICH out-
comes.*>"” Interestingly, some recent studies have sug-
gested a prognostic role for BPV in the prediction of
outcomes. Therefore, BPV monitoring should be part of
routine clinical practice to identify BPV phenotypes that
may warrant attention, especially in the hyperacute and
acute-care settings. However, before routinely used in
clinical practice, several hypotheses should be tested in
well-designed clinical trials to assess the technical accu-
racy of these new measures of BP variability vis-a-vis their
ability to produce useful information under standardized
conditions that can determine if these measures have a
place in the clinical pathway and management of ICH
patients. Finally, the prognostic accuracy of these new
measures should be assessed to verify their impact on the
ICH outcome. While existing evidence can be used, new
evidence will be needed before incorporating the informa-
tion on BPV into the routine clinical practice. Further-
more, more research is required to better identify the
causes and thresholds of BPV that can contribute to wors-
ening ICH outcome. Clinical trials should be aimed not
only to achieve BP target levels but also identifying inter-
ventions to minimize BPV. In this regard, short half-life
antihypertensive medications to achieve steady BP could
be usefully considered in future investigations.
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