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Abstract

We investigated inter-arm systolic blood pressure (sIAD) difference, reproducibility, and incident
cardiovascular disease (CVD). We hypothesized that higher sIAD values have low prevalence and
nonpersistence over years, but that CVD risk is higher starting from the time of first high absolute
SIAD. In Multi-Ethnic Study of Atherosclerosis participants (n=6725, 53% female, 45-84 years
old), Doppler systolic blood pressure (SBP) measurements were made in both arms (10-minute
interval) thrice over 9.5 years. Proportional hazards for CVD (coronary heart disease, heart failure,
stroke, peripheral arterial disease (PAD)) over 16.4 years were tested according to time-varying
absolute inter-arm difference with covariates: 1) age, gender, race, and clinic; 2) model 1 plus
height, heart rate, BP, antihypertensives, BMI, smoking status, lipids, lipid lowering medication,
and diabetes. High sIAD was not persistent across exams. Maximum absolute SIAD =15 mmHg
was found at least once in 815 persons. Maximum absolute sIAD had a graded relationship

with incident stroke or PAD: 6.2% events; model 2 hazard ratio per 10 mmHg 1.34 (95% ClI,
1.15-1.56) and this risk was approximately doubled for maximum absolute sSIAD =15 mmHg vs
0-4 mmHg. Total CVD risk (18.4% events) was increased only for maximum absolute sIAD =25
mmHg. Associations with incident CVD did not differ for higher SBP in left vs right arm. A
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higher maximum absolute sIAD at any exam was associated with greater risk for stroke and PAD
especially for values =15mmHg, and =25mmHg for other CVD. Measuring SBP between arms
may help identify individuals at risk for CVD.

Keywords

inter-arm systolic blood pressure difference; MESA, cardiovascular disease; peripheral artery
disease; stroke

Introduction

A large absolute inter-arm systolic blood pressure difference (sIAD) is relatively common

in the general population [1-3]. As early as 1960, there was general acceptance that large
inter-arm blood pressure (BP) difference was the result of significant stenosis in a major
conduit artery in one of the upper extremities. The fact that this BP difference occurred
somewhat commonly in healthy individuals rendered the stenosis explanation unlikely. As
such, these early investigators warned that inappropriate interpretation of sIAD could lead to
incorrect further evaluation and treatment [4].

The concept that a fixed stenosis is the cause of high sIAD has not received much study.

If a large sSIAD is caused by a fixed defect, such as subclavian artery stenosis, it would be
expected to be reproducible between visits and the defect would be able to be visualized in
people with high sIAD. Only a few studies have addressed reproducibility of large sIAD.
In Kim et al. [5], where the prevalence of absolute sSIAD =210 mmHg was 7.6% at baseline
and 7.1% at a 3-month follow-up, only 21.8% of the patients had a repeat absolute sSIAD
>10 mmHg at 3 months. Moreover, Grossmann et al. [6] studied near term (2—7 days)
reproducibility of absolute sSIAD in 319 hospitalized patients of average age 85 years and
found that sSIAD > 10 mmHg occurred in 23%, but was repeated in only 38% of them. In
147 patients from a hypertension clinic, inter-arm difference was assessed simultaneously
and repeatedly in left and right arms [7]. A study in patients with diabetes also found poor
reproducibility. Kleefstra et al. [8] studied people with diabetes in repeat measures over 1
year. In 169 patients with either systolic or diastolic interarm blood pressure difference >
10 mmHg at baseline, the difference was <10 mmHg 1 year later in 79 % of these patients.
The interarm difference was reproducible only in 2 patients who had known obstructive
disease. However, visualization of the presumed fixed defect is rare. Huibers et al. [9]
studied 182 patients with carotid artery stenosis and found that an absolute sIAD >15
mmHg occurred in 21% (n=39). Among those, only 18% (n=7) had a hemodynamically
significant (>50%) ipsilateral stenosis in the subclavian or innominate artery. Thus, while
a subset of people have both high sIAD and ipsilateral stenosis, a high sIAD may be rare
and poorly reproducible in the general population, but more common in clinical patients.
Nevertheless, the literature is clear that large sIAD predicts future CVD events. Clark et al.
led a meta-analysis of absolute sIAD using 24 studies and 53,827 participants and found a
continuous increase in CVD risk for higher absolute sIAD [10-18].

In the present paper, we used measurements at baseline and after median intervals of 3.2
and 9.5 years in the Multi-Ethnic Study of Atherosclerosis (MESA) to study reproducibility
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of high absolute sIAD at various cutoff values. We hypothesized that higher values of sSIAD
have low prevalence and do not persist over years, but that CVD risk is higher starting from
the time at which high absolute sIAD occurred.

Materials and Methods

MESA investigates the prevalence, correlates, and progression of subclinical CVD in a
multi-ethnic, population-based sample of 6814 men and women aged 45-84 years, free of
clinical cardiovascular diagnoses at baseline [19]. Participants were enrolled and initially
examined from 2000-2002 at six U.S. field centers: Baltimore City and Baltimore County,
MD; Chicago, IL; Forsyth County, NC; Los Angeles County, CA; Northern Manhattan and
the Bronx, NY; and St. Paul, MN. The study included 53% women and four ethnic groups:
38% non-Hispanic White, 28% African American, 22% Hispanic, 12% Chinese American.
We included 6725 participants with sSIAD ever assessed at exam 1, 3, or 5, of whom 6609
had a sIAD assessment at exam 1. The Institutional Review Boards at all centers approved
the study and participants gave informed consent.

Brachial Systolic Blood Pressure Measurement

Events

sIAD was computed from a sequence of measurements of arm and ankle blood pressures,
taken over 12 minutes, as part of studies of peripheral artery disease (PAD), separately
from the protocol for sitting, resting blood pressure. For detecting PAD, systolic blood
pressure (SBP) was measured using a hand-held Doppler instrument with a 5-mHz probe

in the following sequence: right side brachial, dorsalis pedis, and posterior tibial arteries
and then left side dorsalis pedis, posterior tibial and brachial arteries. The cuff was slowly
inflated to 20 mmHg above the pressure at which the pulse sound disappeared. The cuff was
deflated slowly allowing the pressure to drop at a rate of 2 mmHg per second. The recorded
pressure at which the first sustained (more than one beat) pulse reappeared was the systolic
pressure at this location. The technician waited for 20 seconds between measurements, so
that the left brachial artery pressure was assessed 10 minutes after the right side. The above
measurements were performed at MESA study exam 1 (between 2000 and 2002), exam 3
(between 2003 and 2005, median 3.2 years after exam 1), and exam 5 (between 2010 and
2012, median 9.5 years after exam Median follow-up for surviving participants with no
CVD event was 16.1 years.

For this study only the right and left brachial artery SBP were utilized. The difference of
right minus left systolic blood pressure was then calculated to estimate sIAD, with positive
values indicating that the right side pressure was higher than the left side. Unless otherwise
explicitly stated, we analyzed the absolute (unsigned) value of sIAD (ignoring sidedness).

Participants were followed for death and incident CVD events for a mean 16 years

from the baseline examination. In addition to the in-person follow-up MESA study
examinations a telephone interviewer contacted each participant every 9 to 12 months

to inquire about all interim hospital admissions, CVD outpatient diagnoses, and deaths
events and incidence dates were adjudicated by 2 blinded physicians from the MESA study
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events committee using pre-specified criteria. CVD events in MESA included myocardial
infarction, resuscitated cardiac arrest, angina pectoris, stroke, transient ischemic attack, heart
failure (HF), peripheral arterial disease (PAD), and CV death. All deaths were identified.
For potential CVD deaths, cause was assigned committee review. Adjudication procedures
in MESA have been previously published and through can be found in the MESA Protocol
at https://www.mesa-nhlbi.org.

Statistical Analysis

Cross-sectional covariate characteristics according to exam 1 absolute sIAD in 6 categories
were presented (n=6609). Reproducibility of high absolute sSIAD was assessed among the
subsets of participants with measurements at multiple exams by forming a cross table of
exam 1 with exam 3 absolute sIAD in 5 mmHg categories (n=5816); then by tabulating the
numbers of occasions at exams 3 and 5 in which absolute sIAD was at least 10, 15, 20,

and 25 mmHg, according to absolute sSIAD in 5 mmHg categories at exam 1 (n=4337). The
entire Doppler measurement procedure was repeated on the same day at exam 3 (n=302).
Using these data, correlations in sSIAD within and between exams was assessed.

We also examined whether MESA sIAD data were consistent with the literature in finding
that high absolute sIAD predicts CVD events. We examined unadjusted associations of
absolute sIAD in 5 mmHg categories with incident events according to exam 1 category.
Covariates in the baseline sIAD analysis in model 1 included exam 1 age, sex, race/ethnicity,
and clinical site and in model 2 added height, heart rate and oscillometric systolic and
diastolic blood pressures at sitting rest, antihypertensive medication use, body mass index,
cigarette smoking, total cholesterol, HDL-C, triglycerides, lipid lowering statin medication,
and diabetes assessed as previously described [20].

Although sIAD associations with each outcome were generally positive, numbers of events
in the specific CVD subtypes were limited. Given the low level of reproducibility of sIAD,
we further hypothesized that whenever high sIAD occurs, it is associated with future CVD.
We formulated two approaches to prediction of future CVD from time-varying sIAD:
replacing the previous sIAD value with the maximum observed to that time (time-varying
maximum slAD), or replacing the previous sIAD value with the mean to that time, in both
cases, we carried forward the previous value when sIAD was missing (time-varying current
sIAD). To illustrate, suppose absolute sIAD values at exams 1, 3, and 5 are 5, 20, and 8
mmHg. The individual would contribute to prediction of CVD events with absolute sIAD =
5 mmHg from exam 1 until exam 3, with a value of 20 mmHg from exam 3 until exam 5,
and with a value of 20 mmHg from exam 5 until the end of followup. In the time-varying
current sSIAD approach, the individual with the same values would contribute to prediction
with 5, 12.5 (mean of 5 and 20), 11 (mean of 5, 20, and 8) mmHg, respectively. Both

of these analyses may suffer from bias of early disease that prevented clinic attendance

for remeasurement. We evaluated this potential bias by examining a) the distribution of

the characteristic “both exam 3 and exam 5 sIAD missing” according to maximum sIAD
category and b) the event rates for those who had a measurement at either exam 3 or exam 5
compared to the event rates in those missing measurements at both exams.
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In time-varying proportional hazards regression, time-varying continuous covariates were
updated with the mean of the current and any prior values for the continuous variables, the
two medication values were updated at exam 3 and at exam 5 to “ever user” at the first exam
where use was indicated, and diabetes was updated to “ever diagnosed” at the first exam at
which it was identified.

Given the suggestion in our data that the specific arm did not play an important role in

our findings and that the sIAD over a 10 minute interval is a measure of BP variability,

we also examined within person standard deviation between the second and third sitting

rest oscillometric SBP values. Note that the standard deviation of two measures is the
absolute difference of the measures, divided by v2. We examined prediction of CVD events
using the time-varying maximum model. These measurements were taken in the same arm
(usually the right) at a 1 minute interval. Our secondary hypothesis was that the time-varying
maximum within person standard deviation of SBP would show a positive association with
stroke, PAD, and extracoronary CVD, but weaker than for the sSIAD performed with a 10
minute interval.

Analyses were performed in R and in SAS. P<0.05 (two-sided tests, without adjustment for
multiple comparisons) was considered to be statistically significant.

of sIAD

In each exam, the distributions of sSIAD were similar, whether the higher SBP was on the

left or the right side (data not shown). At exam 1, about 10-15% had absolute sIAD 10-14
mmHg, while about 6% had a sIAD = 15 mmHg (Table 1) and similarly at each exam (data
not shown). The maximum absolute sIAD across exams was substantially more variable than
at any specific exam: 10-14 mmHg in about 25% of the participants, and = 15 mmHg in
about 12%.

Correlates of sIAD

The primary correlates of high exam 1 absolute sIAD were older age, higher SBP, and
higher BMI (Table 1). The only statistically significant difference in absolute sIAD by race/
ethnicity was that White participants had higher sIAD than Chinese participants. High sSIAD
was most common in the Wake Forest site and least common in the UCLA site.

Reproducibility of high sIAD across years

Despite the frequent occurrence of high absolute sIAD at some point during the study, high
values often did not persist. The exam 3 absolute sIAD value of 0-4 mmHg occurred in
57.6% of those who were 0—-4 mmHg at exam 1, this is not very different from the 44.7%
whose absolute sIAD was 0-4 mmHg at exam 3 among those who were =25 mmHg at exam
1 (Table 2). Among 38 people who had absolute sSIAD =25 mmHg at exam 1, only 7.9%
(n=3) repeated a value =25 mmHg at exam 3, while another 7.9% came close to their exam
1 value (an exam 3 value of 20-24 mmHg, 1 category lower). For each exam 1 level, few
people had exam 3 absolute sIAD over 20 mmHg.
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Repeated high absolute sIAD values across all 3 exams among 4337 participants who
attended all 3 exams was rare. Among 25 people with exam 1 absolute sSIAD =25 mmHg,
that level was repeated 1 time (at either exam 3 or exam 5, Figure 1) in 8% and twice

(at both exam 3 and exam 5, not shown) in 4%. Absolute sSIAD = 10 mmHg ever during
followup among 2613 participants with exam 1 absolute sSIAD between 0 and 4 mmHg was
29%, almost as common in those with exam 1 absolute sIAD =25 mmHg (44%). Among the
few people whose high sIAD was repeated between exams, it appeared on the contralateral
side of the body in about 1/3 of people (data not shown).

In each exam, the both right and left Doppler SBP measures had correlation of about 0.8
with seated rest oscillometric measure on the same day; the Doppler measure tended to be a
few mmHg higher than the seated rest oscillometric measure. The Doppler SBP correlations
in the same day (n=302) at exam 3 were over 0.9 for first vs second SBP, whether on the left
or right side. Whether in the same day repeatability sample or the full sample, correlations
between exams were lower, about 0.6 for SBP at one exam vs at another, whether on the left
or right side. We also examined sIAD correlations within and between exams. Within exam
the correlation of repeated sIAD was about 0.45, but only about 0.1 between exams. Thus
concordance of sSIAD was imperfect but substantial within the same day, but was very low
over years.

Absolute sIAD and incident CVD

Point estimates for the associations of exam 1 sIAD with incident CVVD were generally
positive but not statistically significant (Table 3). Total death occurred in 22.5% (1489/6609)
of participants, with hazard ratio 1.11 (1.00-1.22) and p = 0.05 in model 1, and 1.09 (0.99-
1.21), p = 0.09 in model 2 (not shown in Table 3).

Interpretation of the time-varying analyses requires examination of a potential bias due to
missing later exams. Missing both exam 3 and exam 5 was rare: 6% (293/4796) among those
with maximum absolute sSIAD =5 mmHg. However, a maximum absolute sIAD of 0 mmHg
tended to occur only at exam 1, because a higher value at any subsequent exam would
increase the maximum value. In fact 74% (93/126) of those with maximum absolute sIAD
= 0 mmHg were examined only at exam 1. Although there was a similar bias for maximum
SIAD 1-4 mmHg, it was smaller: 20% (366/1805) of them were missing both exam 3 and
exam 5. Independently of maximum absolute sIAD category, 48% (361/752) of participants
died among those missing both exams 3 and 5, compared to 19% (1152/5973) who died
among those assessed at either exam 3 or exam 5 or both. The bias was much less for any
CVD (22% events in those missing both exams versus 18% events in those seen at either or
both exams) and for extracoronary CVD (8.5% events in those missing both exams versus
5.9% events in those seen at either or both exams). Therefore we examined incident CVD
events in time-varying models (Table 4), but total mortality only in the exam 1 model.

Higher time-varying absolute sIAD was significantly associated with increased stroke and
PAD risk (time-varying maximum categories are shown in Figure 2). Approximate doubling
of risk for extracoronary CVD (stroke or PAD) was seen for maximum absolute sIAD >15
mmHg, compared to the 0-4 mmHg category (Figure 3). Estimated HR were generally
concordant with those for stroke and PAD analyzed separately.
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Findings were weaker for the 1236 any CVD events, than for stroke and PAD. Specifically,
the HR per 10 mmHg of continuous maximum absolute sIAD for any CVD was 1.23, p <
0.01 in model 1 and 1.14, p < 0.01 in model 2. In the analysis of categories, only the >25
mmHg category was statistically significant with HR 2.11 (p < 0.01) in model 1 and 1.81
(p < 0.01) in model 2. Separate analysis of CHD events and of heart failure both showed
an elevated risk among those with maximum absolute sSIAD =25 mmHg (data not shown),
similar to the risk for any CVD.

In a sensitivity analysis, within person standard deviation of the second and third sitting

rest oscillometric SBP was 3.6+£3.2 mmHg at each of exams 1, 3, and 5. These standard
deviations had correlation of about 0.15 with single sitting rest SBP measures and about 0.06
with each other across pairs of exams. The associations of CVD events with this continuous
within person standard deviation as a time-varying maximum variable is shown in Table 4.
The associations were positive and significant for any CVD, stroke, PAD, and extracoronary
CVD in model 1, reaching statistical significance in model 2 only for extracoronary CVD
(p=0.03). As is customary in analysis of sitting rest SBP, we omitted the first sitting rest
measure. Inclusion of the first sitting rest SBP in the within person standard deviation
weakened the findings slightly (data not shown).

Discussion

Ouir first novel finding is large variability in sIAD over longer time periods than have
previously been assessed, namely 3.2 and 9.5 years, and even with repeat assessment in the
same day. This non-persistence of sIAD is not consistent with the interpretation that a culprit
lesion leading to subclavian stenosis or other obstructive disease is the primary source of
large sIAD. Nevertheless, in agreement with a large literature [10], sSIAD as a continuous
variable or as 6 categories at baseline showed a tendency to predict incident CVD and total
death. Furthermore, time-varying absolute sIAD during the follow-up duration was a strong
and significant predictor of incident CVVD. Most prior studies [10] have relied on a fixed
baseline, whereas our findings are that sequential measures of sIAD identified additional
persons at risk. A second novel finding is that this association with time-varying sIAD was
particularly strong with incident extracoronary CVD (including stroke and PAD).

The strategy of looking at time-varying maximum absolute sIAD in effect replicates the
exam 1 finding by greatly expanding the number of participants who ever experienced high
absolute sIAD and showing that the baseline tendencies for higher risk with high sIAD
were found, no matter when the high sIAD occurred. A clinical cutpoint suggested for
approximate doubling of risk of stroke or PAD was absolute sIAD =15 mmHg, but for other
forms of CVD doubling of risk was seen only for absolute sIAD =25 mmHg. These findings
were true both in the simple adjusted model and in the more extended adjusted model.

Therefore, we considered the interpretation that sSIAD may be a manifestation of BP
variability, expressed over a 10 minute interval. Intermittently large sIAD may be regarded
as episodic hypertension or an occasional BP spike. BP oscillates over the short and long
periods, whether over minutes, days, months, or years [21]. To some extent, variations

in sympathetic tone may mediate these oscillations. Rothwell et al. [22] emphasized the
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importance of both variability and maximum blood pressure reached, particularly at older
ages when most vascular events occur [23]. Stevens et al. [24] reviewed the substantial
literature that has found that long-term (across clinic visits), mid-term (home), and short-
term (ambulatory) BP variability predict CVD events and mortality. Their systematic review
and meta-analysis was based on 19 observational cohort studies and 17 clinical trials and
showed that higher SBP long term variability was associated with a higher risk of all-cause
mortality (hazard ratio 1.15, 95% confidence interval 1.09 to 1.22) and similarly with CVD
mortality, CVD events, coronary heart disease, and stroke. Notably, the associations were
stronger in cerebral rather than coronary events. Generally concordant results were seen for
increased mid- and short-term variability, though the literature for these phenomena was
sparse. This meta-analysis provides us evidence that both long-term and shorter-term BP
variability are associated with cardiovascular morbidity and mortality over and above the
effect of mean BP.

There is little information about prediction of PAD from long-term BP variability. However,
Yeh et al. [25] did show an increased risk for incident PAD in those with greater BP
variability over 10 years among patients seen frequently after diabetes diagnosis. More
recently, Yano et al. [26] found in the CARDIA study sample free of overt CVD at

baseline that long-term visit-to-visit BP variability predicted future CVD events. Subclinical
cardiovascular phenotype is also related to BP variability. Specifically, a CARDIA study
about long-term BP variability focused on myocardial structure and function in later life
[27] showed that BP variability across 8 visits over 25 years was associated with a higher
left ventricular mass index and worse systolic and diastolic function, independent of the
mean BP levels. In the same study cohort, both SBP and DBP variability across 20 years
were positively associated with greater carotid intima-media thickness but not with coronary
artery calcium at the end of the follow-up period [28]. Finally, Tedla et al. [29] found

that higher long-term BP variability correlated with greater 10-year progression of Young’s
Elastic Modulus in the carotid artery within the MESA study.

On the other hand, Muntner et al. have reported that within visit BP variability (3
assessments over several minutes) did not predict total mortality [30]. It may be that our
short-term measure of sIAD is predictive because it was assessed over a somewhat longer
interval (10 minutes rather than 3 minutes), it involved the differential anatomy between
arms, and a person had 3 opportunities over 10 years to exhibit high sIAD. Indeed, in our
data the within person standard deviation of the second and third sitting rest oscillometric
SBP, assessed in 1 arm 1 minute apart, was positively associated with CVD events, but more
weakly than was sIAD at a 10 minute interval.

Our study findings may be influenced by the particular ankle-brachial index protocol within
which the two arms were assessed. The protocol involved only single BP measurements,
obtained by Doppler ultrasound, which tend to be a little higher than oscillometric
measurements. While this particular protocol is not similar to sSIAD assessed in a typical
physician office visit, therefore limiting generalizability, this protocol is also a strength.
sIAD values were obtained in all study participants in the same sequence during the 3
MESA visits spaced over 10 years. While we did study interarm difference, sidedness

was not important in prediction of future events. Remeasurement of the same arm after
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10 minutes might have produced the same findings as we observed for sIAD, but we

do not have same arm measurement, except in the sensitivity analysis of same arm
repeated oscillometric SBP 1 minute apart. Moreover, there could have been some loss
of reproducibility given a 10 minute interval (as opposed to simultaneous or sequential
measurement) and intervening measurement of leg pressures. Another limitation is that
estimates based on the time-varying maximum absolute sSIAD models may be biased due
to missing sIAD values, especially at MESA exam 3 or exam 5. Our analysis of this
potential bias suggested that it primarily affected total mortality; there we did not present
time-varying models for prediction of total mortality. Additionally, in our time-varying
analyses, we carried forward the most recent sIAD value, meaning that any effect of high
SIAD is assumed to persist long after it is observed. Finally, numbers of stroke and PAD
events were relatively low, which may have limited statistical power.

Our findings suggest that sIAD is primarily a measure of BP variability, more specifically a
substantial transient increase in BP. Any observed instance of high absolute sIAD predicted
incident CVD for absolute sIAD =25 mmHg and predicted stroke and PAD at absolute SIAD
>15 mmHg. Given its seeming relevance to incident morbidity and mortality, sIAD should
be further investigated because measuring BP in both arms is inexpensive and simple to
perform.
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Summary Table
What is known about topic

. A large absolute inter-arm systolic blood pressure difference (sIAD) is
relatively common in the general population.

. Inter-arm blood pressure is often not reproducible.
What this study adds

. There is a large variability in sSIAD with 10 minutes between measurements
over a long period of time, but also with repeat assessment in the same day.

. Any observed instance of absolute sIAD =25 mmHg predicts incident CVD
and any absolute sSIAD =15 mmHg predicts stroke and PAD.
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Figure 1.
Percent of people with high absolute sIAD (for 4 definitions of high). N=4337 who attended

exams 1, 3 and 5. A) high slIAD at either exam 3 or exam 5 or both, by sIAD at exam 1. B)
high sIAD at both exam 3 and exam 5, by SIAD at exam 1. Note that the % satisfying the
condition in Figure 1B is a subset of the % satisfying the condition in Figure 1A.
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Figure 2.

Hazard ratios (95% confidence interval) for incident A) stroke, B) peripheral artery disease
(PAD) by maximum absolute inter-arm systolic blood pressure difference (sIAD) category.
Covariates are as in Table 3.
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Figure 3.
Hazard ratios (95% confidence interval) for summaries of cardiovascular disease subtypes.

A Incident Extracoronary CVD (Stroke + PAD) and B) total Cardiovascular Disease
(CVD) by maximum absolute inter-arm systolic blood pressure difference (sIAD) category.
Covariates are as in Table 3.
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