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Asleep '?IOOd pressure . Methods: Data from 19 949 participants of the primary care-based Hygia Project assessed by 48-hour
Sleep—time relative blood pressure decline . . . . .
Ambulatory blood pressure monitoring ambulatory BP. mpnltprlng (ABPM) and without prior CVD eve.nts Were.used to compare the. dlagpostlc
Cardiovascular risk stratification accuracy, discrimination, and performance of the original Framingham risk score (RSorg) and its adjusted
Framingham risk score version to the Hygia Project study population (RSarg) with that of a novel CVD risk stratification model
constructed by replacing OBPM with ABPM-derived prognostic parameters (RSagpm)-
Results: During the follow—up, lasting up to 12.7 years, 1854 participants experienced a primary CVD
outcome of CVD death, myocardial infarction, coronary revascularization, heart failure, stroke, transient
ischemic attack, angina pectoris, or peripheral artery disease. Asleep systolic BP (SBP) mean and
sleep—time relative SBP decline were the only joint significant ABPM—derived predictive factors of CVD
risk and were therefore used to substitute for in—clinic SBP in the RSagpy model. The RSagpy model, in
comparison with the RSprg and RSarg models, showed significantly improved calibration, diagnostic
accuracy, discrimination, and performance (always P < .001). The RSarg—derived event—probabilities of
57.3% of the participants were outside the 95% confidence limits of the event probability determined by
the RSagpm model.
Conclusions: These collective findings reveal important limitations of CVD risk stratification when based
upon OBPM, as in the Framingham score, and corroborate the clinical value of around—the—clock ABPM
to properly diagnose true hypertension and reliably stratify CVD vulnerability.

© 2020 Sociedad Espafiola de Cardiologia. Published by Elsevier Espaiia, S.L.U. All rights reserved.

La presion arterial ambulatoria, en comparacion con la medida clinica, mejora
notablemente la estratificacion del riesgo cardiovascular de Framingham

RESUMEN
Palabras clave: Introduccion y objetivos: La presién arterial (PA) ambulatoria predice el riesgo de enfermedad
Presion arterial durante el suefio cardiovascular (ECV) mejor que las mediciones clinicas (MCPA). Sin embargo, los modelos actuales

Profundidad de la presi6n arterial

e A . de estratificacion del riesgo de ECV se basan exclusivamente en las MCPA junto con otros factores
Monitorizacién ambulatoria de la presion

arterial tradicionales, como edad, sexo, tabaquismo, dislipemia y diabetes.
Estratificacion del riesgo cardiovascular Meto.dos.: Se‘ )utlhzaron lqs datos de 19.949 participantes en el Proye;tf)‘ Hygla}, eya{uadp’s con
Escala de riesgo de Framingham monitorizacién ambulatoria de la PA (MAPA) de 48 h, para comparar la precision, la discriminacién y el
rendimiento de la escala de Framingham original (RSprg) y su version ajustada a la poblacion del
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Proyecto Hygia (RSarg) con un nuevo modelo en el que la MCPA se reemplaz6 con parametros
pronosticos derivados de la MAPA (RSagpm)-

Resultados: Tras un seguimiento de hasta 12,7 afios, 1.854 participantes sufrieron un evento de ECV
(muerte CV, infarto, revascularizacion, insuficiencia cardiaca, ictus, accidente isquémico transitorio,
angina o enfermedad arterial periférica). La media de la PA sistdlica (PAS) durante el suefio y la
disminucion relativa de la PAS en actividad/suefio fueron los marcadores significativos del riesgo de ECV
y, por ello, se utilizaron como sustitutos de la MCPA en el modelo RSagpym. Este modelo, en comparacion
con la RSorg ¥ la RSpgc, presenté calibracion, precision diagndstica, discriminacion y rendimiento
significativamente mayores (p < 0,001). La probabilidad de evento derivada del modelo RSarc del 57,3%
de los participantes estuvo fuera del intervalo de confianza individualizado de probabilidad calculado a
partir del modelo RSagpm.

Conclusiones: Los resultados documentan importantes limitaciones de la estratificacion del riesgo de
ECV basada en MCPA, incluidas las del modelo de Framingham, y corroboran el valor de la MAPA para
diagnosticar hipertension y estratificar el riesgo de ECV.

© 2020 Sociedad Espaiiola de Cardiologia. Publicado por Elsevier Espaiia, S.L.U. Todos los derechos reservados.

Abbreviations

ABPM: ambulatory blood pressure monitoring

CVD: cardiovascular disease

OBPM: office blood pressure measurements

RSagpm: ABPM—based CVD risk score

RSarc: adjusted version of the Framingham risk score
RSorg: original Framingham risk score

INTRODUCTION

Numerous outcome trials have demonstrated that the associa-
tion between blood pressure (BP) level and risk for target organ
injury and cardiovascular disease (CVD) incidents is much more
robust for parameters obtained from ambulatory BP (ABP)
monitoring (ABPM) than from office BP measurements
(OBPM).!-% Additionally, independent prospective investigations
have demonstrated that CVD events are much better predicted by
ABPM—derived asleep than awake or 24—hour BP means.””’
Multiple studies have also consistently corroborated a strong
association between blunted sleep—time relative BP decline
(nondipper/riser BP pattern) and risk of fatal and nonfatal CVD
events.>>%89 On the basis of the substantial evidence verifying
that ABP predicts long—term CVD outcomes independently of
daytime OBPM, several international guidelines and recommenda-
tions now propose that ABPM be required to confirm the diagnosis
of adult hypertension.'®"'3 Algorithms of CVD risk stratification
models, including the 10-year CVD Framingham risk score,
incorporate traditional influential factors, eg, age, sex, smoking,
dyslipidemia, and/or diabetes, plus exclusively daytime OBPM, 4~
17 despite convincing collective evidence from several prospective
trials of the highly significant better prognostic value of ABP
parameters, most notably the sleep—time BP mean and sleep—time
relative BP decline.>”® The Hygia Project is a research network
established to extend the routine use of ABPM in primary care to
diagnose and manage hypertension, evaluate treatment response,
and estimate patient CVD and other risks.'® In this study, we used
the current database of the Hygia Project to compare the
discriminative/predictive value, discrimination, and performance
of both the original Framingham risk score (RSorc)'’ and its
specific adaptation to the study population (adjusted CVD
Framingham risk score, RSarg) with the CVD risk stratification

model that incorporates the same variables as the RSorg and RSarc,
but which replaces OBPM with stronger ABPM—derived prognostic
parameters (RSagpm)-

METHODS
Participant inclusion and exclusion criteria

The study was approved by the Galician Clinical Research Ethics
Committee. Details of its design, management, investigators’
training, quality control, safety and compliance assessment,
clinical and ABPM procedures, criteria to request ABPM, sample
size calculations, follow—up, and other relevant methodological
aspects are described elsewhere.'® Participants consisted of a
population of Caucasian men and women aged > 18 years,
adhering to a routine of daytime activity and nighttime sleep, and
who gave written informed consent for inclusion.

Exclusion criteria were pregnancy, a history of alcoholism or
narcotic addiction, night or rotating shift—work employment,
acquired immunodeficiency syndrome, known secondary hyper-
tension, certain CVD-associated medical conditions (unstable
angina pectoris, heart failure, life—threatening arrhythmia, atrial
fibrillation, and grade III-1IV retinopathy), intolerance to ABPM,
and inability to communicate and comply with all study
requirements.'® In keeping with the inclusion/exclusion criteria
used in the Framingham study,!” we excluded from analysis
participants with a history of a previous CVD event. Participating
primary care investigators referred 19 949 persons, 10 478 men/
9471 women, aged 58.5 + 14.2 (mean + SD) years, who fulfilled
these inclusion/exclusion criteria, and provided all the required
information for the study.

ABP and other assessments

Upon recruitment, at least 3 consecutive OBPM were made in
each participant after resting in a seated position for > 10 minutes
using a validated automatic oscillometric device (HEM—705IT,
Omron Health Care Inc, United States). Immediately thereafter,
ABPM was initiated using a calibrated and validated SpaceLabs
90207 device (SpaceLabs Inc, United States) to measure systolic
blood pressure (SBP), diastolic blood pressure (DBP), and heart rate
every 20 minutes between 07:00 and 23:00 hours and every
30 minutes during the night for 48 consecutive hours to optimize
reproducibility of results.'® Participants kept a diary to record,
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among other information, time of retiring to bed at night and
awakening in the morning to enable accurate calculation of the
awake and asleep BP means of each participant. ABP series were
considered invalid for analysis and thus necessitated repeat ABPM
(4.1% 95% confidence interval (CI) [3.9—-4.4]) if > 30% of scheduled
measurements were missing, data were lacking for an interval of >
2 hours or were obtained when the rest—activity schedule was
inconsistent during the 2 days of monitoring, or the sleep span was
< 6 hours or > 12 hours. At each clinic visit when ABPM was
conducted, morning (between 08:00 and 09:00 hours) urine and
blood samples were collected after overnight fasting and were
immediately analyzed by routine automatic techniques at labora-
tory facilities of the Galician Social Security Health Service (Servicio
Galego de Satide [SERGAS]) compliant with quality standards.

Follow—up

Investigators reviewed the complete electronic medical records
of all participants at least annually and at least 1 year after their
last ABPM evaluation. External noninvestigator medical specialists
of the corresponding referring tertiary hospital services catego-
rized CVD events upon hospitalization in accordance with defined
current diagnostic criteria'® and recorded the entire report in the
patient’s electronic medical history. The Hygia Project Events
Committee, composed of independent clinicians blinded to
medical records and ABPM findings, periodically and collegiately
evaluated these clinical reports devoid of personal identifiers to
ascertain and certify each documented event. For the outlined
RSorc, RSarc, and RSagpv comparisons, the primary CVD endpoint,
as per the Framingham study,'” was: CVD death, myocardial
infarction, coronary revascularization, heart failure, hemorrhagic
stroke, ischemic stroke, transient ischemic attack, angina pectoris,
or peripheral artery disease.

Statistical methods

To avoid confounding by nonequidistant BP sampling of mean
values, the 48—hour, awake, and asleep spans per participant were
each divided into an integer number of classes of identical time
length and the respective BP means were then determined as the
average of the relevant time—classes mean values. Sleep—time
relative BP decline (index of BP dipping) was calculated as: [(awake
ABP mean - asleep ABP mean)/awake ABP mean] x 100, using all
valid data of the 48—hour ABPM. Participants were designated as
dipper if the sleep—time relative SBP decline was > 10%, and as
nondipper otherwise.'> Demographic and clinical variables were
compared among groups of participants who did and did not
experience an event by the Student t test (quantitative variables) or
the nonparametric chi—square test (proportions).

The OBPM—based RSor¢ for the defined CVD outcome endpoint
includes office SBP plus the variables of age, sex, smoking, total and
HDL—cholesterol, hypertension treatment, and diabetes.!” To avoid
potential bias due to differences between the original Framingham
population and the Hygia Project participants in the evaluation of the
influence of ABPM on the RSpr;, we adjusted the original
Framingham model to the Hygia Project participants by recalculating
the Cox regression coefficients for each of the listed original
covariates, including office SBP. Continuous variables were logarith-
mically transformed to minimize the influence of extreme observa-
tions.!” The tested RSagpm included those same variables, except
OBPM, plus the ABP parameters of asleep SBP mean and sleep—time
SBP decline. These 2 ABP parameters had been previously shown, and
also corroborated herein, to be the only ABP characteristics jointly
significant in Cox regression analysis as predictors of CVD risk.® Lack
of significant collinearity between office SBP, asleep SBP mean, and

sleep—time SBP decline was ascertained by calculating tolerance
coefficients and corresponding variance inflation factors.

We evaluated the calibration—the measure of agreement
between observed and predicted CVD events—of the RSorg, RSarc,
and RSappm models, using the Greenwood—Nam-—D’Agostino
(GND) nonparametric test, which is the most reliable test when
the censoring rate is low.?>?! For this purpose, we divided the
participants per each tested risk model into deciles according to
their individualized estimated event—probability and used the
Kaplan—Meier estimator to obtain the observed incidence of CVD
events.?®?! The C—statistic was used to compare the CVD outcome
discrimination value between models. We also calculated, as a
measure of diagnostic accuracy,'”?? the proportion of CVD events
that occurred in the top quintile of predicted risk (ie, sensitivity of
the top quintile) and the proportion of individuals without events
not included in the top quintile of predicted risk (ie, specificity of
the top quintile) per risk prediction model.

To overcome dependence on the choices of categories
required to determine the classic net reclassification improve-
ment index (NRI) (increase in risk category for individuals who
developed an event and decrease in risk category for those who
did not), the performance of the RSorg and RSarg VS RSagpm Was
evaluated by continuous NRI (also termed NRI > 0), integrated
discrimination improvement (IDI),>? and relative—IDI (RIDI),?*
using the RSappm as the reference model. The corresponding
95%ClI for these reclassification indices was established by
bootstrap resampling techniques.?> We also calculated the
equivalence of estimated probabilities (EEP), defined as
the percentage of participants with an estimated event—prob-
probability predicted by the RSorg or RSarg model, respectively,
that falls within the 95%CI of the corresponding individual
event—probability determined from the RSagpy model. Under
the null hypothesis, the estimated CVD event—probabilities of
the compared models are equivalent, this percentage should be
> 95%; this hypothesis can be statistically verified by the
1-sided binomial test of proportions. A major advantage of the
newly proposed EEP is that, beyond the values of the estimated
probabilities, it alsorelies on the variability of the individualized
estimates given by their 95%Cl. The calculated individual
event—probabilities and corresponding 95%CI determined from
the RSagpm model were additionally used to further evaluate
performance by establishing the statistical significance of any
given increase/decrease in risk, which constitutes the net
reclassification significant improvement (NRSI).

Limits of agreement between individual event probabilities
predicted by each tested model were calculated by the Bland—Alt-
Altman method.?* Finally, the Cox proportional—hazard model
was applied to estimate hazard ratios (HR) with 95%CI for
documented events of the participants divided into quintiles
according to respective individualized RSorg, RSarg, and RSagpm
scores. For survival analysis, follow—up was established as the
time interval from the date of ABPM assessment to either the date
of the confirmed CVD incident of event participants or the last
clinical evaluation of nonevent participants, respectively. Statisti-
cal analyses were performed using SPSS version 20.0 (SPSS Inc,
United States) and R version 3.3.3 (R Foundation for Statistical
Computing).

RESULTS

Baseline demographic, laboratory, and BP variables as potential
markers of CVD risk

During the follow—up, which lasted up to 12.7 years, 1
854 participants experienced a primary CVD event (CVD death,
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Table 1
Baseline characteristics of investigated participants

Variable

All participants

No—event participants

Event participants P between groups

Demographic, anthropometric, and clinical characteristics

Participants 19 949 18 095 1854

Age, y 58.5+14.2 57.7+14.2 66.6 +12.0 <.001
Sex, % men 52.5 51.2 65.4 <.001
Height, cm 163.0+9.7 163.1+9.7 162.5+9.3 .014
Weight, kg 78.8+15.4 78.8+154 78.9+15.1 743
BMI, kg/m? 29.6 +£4.9 29.6 +4.9 29.9+49 .019
Waist circumference, cm 1004+12.4 100.1+12.3 103.7+12.6 <.001
Type 2 diabetes, % 19.9 18.0 37.7 <.001
Smoking, % 15.8 15.8 17.7 .029
Obesity, % 42.3 41.9 45.7 .002
Hypertension treatment, % 46.4 44.3 68.1 <.001

Clinical laboratory test values
Glucose, mg/dL 105.7+31.0 104.4+284 119.1+48.1 <.001
Creatinine, mg/dL 0.91+0.32 0.87+£0.22 1.27+0.70 <.001
Uric acid, mg/dL 56+1.6 5.6+1.6 6.0+1.8 <.001
Total cholesterol, mg/dL 207.6+41.9 208.6+41.3 197.3+46.3 <.001
Triglycerides, mg/dL 129.9+82.6 129.2+82.4 137.6+83.6 <.001
HDL-C, mg/dL 53.5+14.6 53.9+14.6 49.1+144 <.001
LDL-C, mg/dL 127.7+36.4 128.4+36.0 120.5+39.3 <.001
Office* and ambulatory BP

Office SBP, mmHg 146.3+20.4 145.6+£19.8 152.8+24.2 <.001
Office DBP, mmHg 85.6+11.9 85.9+11.7 83.2+13.6 <.001
Office heart rate, beats/min 73.2+123 7324122 72.9+13.6 242
Awake SBP mean, mmHg 133.6+144 133.2+14.1 136.7+17.5 <.001
Asleep SBP mean, mmHg 119.8+14.9 119.1+14.3 127.3+18.8 <.001
48—hour SBP mean, mmHg 128.7+13.8 128.2+13.4 133.4+16.9 <.001
Sleep—time relative SBP decline, % 102+73 10.5+7.0 6.8+9.2 <.001
Non-—dipper, % 449 433 60.6 <.001
Awake DBP mean, mmHg 804+11.1 80.8+10.8 76.4+12.3 <.001
Asleep DBP mean, mmHg 68.4+9.9 68.4+9.8 67.5+11.3 <.001
48—hour DBP mean, mmHg 76.1+10.2 76.4+10.0 73.2+114 <.001
Sleep—time relative DBP decline, % 14.6+8.1 15.0+7.9 11.2+94 <.001

ABPM, ambulatory blood pressure monitoring; BMI, body mass index; BP, blood pressure; CVD, cardiovascular disease; DBP, diastolic blood pressure; HDL—C, high—density
lipoprotein cholesterol; LDL—-C, low—density lipoprotein cholesterol; SBP, systolic blood pressure.

Data are expressed as No. (%) or mean + standard deviation.

Obesity: BMI > 30 Kg/m?. Sleep—time relative BP decline, index of BP dipping, defined as percent decrease in mean BP during nighttime sleep relative to mean BP during daytime
activity, calculated as: ([awake BP mean - asleep BP mean]/awake BP mean) x 100. Non—dipper: individuals with sleep—time relative SBP decline <10%, using data sampled by
ABPM for 48 consecutive hours. Events: CVD death, myocardial infarction, coronary revascularization, heart failure, hemorrhagic stroke, ischemic stroke, transient ischemic attack,

angina pectoris, or peripheral artery disease.

" Values correspond to the average of at least 3 conventional morning—time BP measurements obtained per participant at the clinic after resting > 10 minutes before

initiating 48—hour ABPM.

n =203; myocardial infarction, n=208; coronary revasculariza-
tion, n =216; heart failure, n = 378; stroke, n=271; other minor
events, n =578). Cox survival analyses indicated that, beyond BP,
an increased risk of a CVD event was jointly and significantly
associated with the RSqgc variables of male sex, older age, smoking,
reduced HDL-cholesterol, hypertension treatment, and the
presence of diabetes (table 1). Simultaneous examination of the
potential joint combined contribution to CVD risk among multiple
BP parameters revealed asleep SBP mean (HR, 1.32 [1.23-1.41] per
SD elevation; P <.001), but not office SBP (1.04 [0.98-1.10];
P =.180) or awake BP mean (0.97 [0.90—1.05]; P=.418), was the
most significant BP—derived marker of increased CVD risk. The
joint contribution with the asleep SBP mean to CVD risk was

significant only for diminished sleep—time relative SBP decline
(HR,1.29[1.23-1.35] for asleep SBP mean and 0.92 [0.88—-0.97] for
sleep—time relative SBP decline, respectively, both P < .001).

Comparison of predictive value, calibration, and performance
of RSofc, RSarc, and RSappm

The original (unadjusted) RSorg markedly overestimated the
actual event—rate in the study population. This is evident by the
comparison of the RSorg—estimated and observed (Kaplan—Meier)
incidence of CVD events for the participants divided into deciles
shown in figure 1A and confirmed statistically by the poor
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Figure 1. Calibration by decile of CVD —risk score comparing the observed Kaplan—Meier and model—based predicted probabilities of a CVD event by A, the original
Framingham (RSorc); B, Framingham adjusted for the study population (RSarc); C, ABPM—based (RSagpm); and D, the later further corrected by OBPM models. CVD,

cardiovascular disease.

Table 2

Calibration, diagnostic accuracy, discrimination value, and performance (reclassification improvement) of the original Framingham, adjusted Framingham,
ABPM-based, and ABPM+0OBPM—based score models for CVD risk stratification

Original Framingham Adjusted Framingham ABPM-—based ABPM+0OBPM-—based score
score (RSorc) score (RSafc) score (RSagpm)
Greenwood—Nam—D’Agostino 123.40; <.001 11.77; .019 1.498; .827 0.564; .966

chi—square statistic; P—value

Sensitivity of the top quintile (95%CI)

44.43 (41.47-47.40)

49.51 (46.28-52.74)

52.88 (49.65-56.10)

52.66 (49.44-55.88)

Specificity of the top quintile (95%CI)

82.08 (81.41-82.74)

82.12 (81.45-82.80)

82.36 (81.70-83.02)

82.34 (81.68-83.00)

C—statistic (95%CI)

0.722 (0.706-0.737)

0.747 (0.733-0.761)

0.759 (0.745-0.774)

0.760 (0.745-0.775)

Continuous—NRI (95%CI); P—value

~0.439 (—0.604 to —0.266);

~0.221 (~0.297 to —0.154);

—0.002 (—0.066-0.063); .972

<.001 <.001

NRSI (95%ClI); P—value —0.376 (—0.520 to —0.238); —0.171 (-0.229 to —0.122); - 0
<.001 <.001

IDI (95%Cl); P—value —0.013 (-0.017 to —0.010); —0.017 (-0.023 to —0.012); - 0.0002 (—0.0001-0.0005); .318
<.001 <.001

RIDI (95% CI); P—value —0.150 (—-0.188 to —0.111); —0.120 (-0.154 to —0.085); - 0.002 (-0.001-0.005); .254
<.001 <.001

EEP (95% CI); P—value 21.34 (20.66 to 22.03); 42.72 (41.89 to 43.55); - 100
<.001 <.001

95%Cl, 95% confidence interval; ABPM, ambulatory blood pressure monitoring; EEP, equivalence of estimated probabilities; IDI, integrated discrimination improvement; NRI,
net reclassification improvement; NRSI, net reclassification significant improvement; OBPM, office blood pressure measurements; RIDI, relative integrated discrimination

improvement.

Sensitivity of the top quintile: proportion of event—participants included within the top quintile of predicted risk. Specificity of the top quintile: proportion of nonevent
participants not included in the top quintile of predicted risk. EEP, equivalence of estimated probabilities, ie, percentage of individuals with estimated event—probability
determined from the compared model that falls within the 95%CI of their corresponding event—probability determined from the reference ABPM—based model. The EEP

P—value was determined by 1-sided binomial test of proportions.

calibration of the model shown in table 2 (GND goodness—of—fit
test: 123.40, P < .001, indicating lack of fit). Diagnostic accuracy
and discrimination were also poor, as indicated by the relatively
small values of sensitivity/specificity of the top quintile and
C—statistic, respectively (table 2, first column). Compared with the
RSappym as reference model, RSorg performed badly, as consistently
indicated by all calculated net reclassification parameters (contin-

uous NRI, NRSI, ID], and RIDI; table 2, first column). Only 21% of the
participants had event—probabilities predicted by the RSorg model
within the respective 95%CI of each individual probability derived
from the RSagpy model.

The RSarg, calculated for the same variables included in the RSorg
but based on prediction coefficients adjusted to the study population,
compared with the RSorg model, provided the expected improved,
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Figure 2. HR of CVD event for the population divided into 5 classes of equal size
(quintiles) according to the original Framingham (RSprg), adjusted
Framingham (RSagg), ABPM—based (RSappm), and RSagpm corrected by OBPM
risk models. ABPM, ambulatory blood pressure monitoring; CVD,
cardiovascular disease; OBPM, office blood pressure measurements.

but still poor, calibration (GND = 11.77; P =.019 for goodness—of—fit;
figure 1B), diagnostic accuracy (sensitivity/specificity of the top
quintile 49.5/82.1), discrimination (C—statistic 0.747 vs 0.722, P
<.001), and performance (P <.001 for all net reclassification
parameters; table 2, second column).

The ABPM-based RSagpv model, compared with the RSarg,
showed improved calibration (GND, 1.498; P=.827 for good-
ness—of—fit; figure 1C), increased sensitivity of the top quintile
(52.9 vs 49.5; P=.034), and greater discrimination (C-statistic
0.759 vs 0.747; P <.001) of participants who indeed had a CVD
event during follow—up. All net reclassification parameters further
substantiated significantly worse performance of the
OBPM-—based RSarc than RSappm (significant negative values of
continuous NRI, NRSI, IDI, and RIDI; table 2, second column), ie,
improved reclassification by the ABPM-based model of the
participants to a more precise estimated event—probability.
Finally, the EEP for the RSarg Vs RSagpm Was 42.7 (P < .001), which
means 57.3% of the participants had a RSarg model—derived
event—probability that fell beyond the 95%ClI of the individualized
event—probability determined by the more accurate RSpgpm
model.

Figure 2 presents the comparative predictive value of the
RSokc, RSarg, and RSagpv models for the study population divided
into quintiles. Unadjusted Cox regression analyses performed
with reference to the respective first quintile of each of the
compared event—probability risk scores revealed markedly better
predictive value of the RSagpm VS RSarc and RSggg, illustrated by
the progressively greater HRs for the former throughout all
quintiles.

Figure 3A depicts the limits of agreement for the event-
probabilities of each participant evaluated by the RSprg and
RSagpm models. The figure shows that the individual differences in
event—probability between the OBPM and ABPM-based models
were equally distributed around the average difference (shown by
the central dotted horizontal line) across the range of event—-
probability (0.08 to 59.24%). Accordingly, the extent of disagree-
ment in the calculated event—probability was independent of the
actual probability level. The 95% upper and lower limits of
agreement with their respective 95%CI were 7.44% [7.12-7.78]
and —7.30% [(—6.98)—(—7.64)]; the total observed range of
disagreement of -28.8% to 46.5% indicated the extremely poor
reproducibility of the individual estimated event-probability
scores when relying on daytime OBPM instead of more
meaningful ABPM-derived asleep SBP mean and sleep—time
relative SBP decline.
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Figure 3. Bland—Altman plots assessing agreement in estimation of
event—probability of each participant evaluated by the RSarc and RSappm
models (A) and by the RSappy model with and without correction by OBPM (B).
The dotted horizontal line of each graph represents the average of the
differences across the entire study population. Dashed lines represent the
limits of agreement. ABPM, ambulatory blood pressure monitoring; OBPM,
office blood pressure measurements.

Impact of OBPM inclusion on RSagpm

We further evaluated the potential impact and complemen-
tary predictive value, if any, of including OBPM in the RSagpm
model. Cox regression analysis indicated office SBP was not a
significant predictor of CVD risk when asleep SBP mean and
sleep—time relative SBP decline were already included in
the model (HR, 1.00; 95%CI [0.94-1.07]; P=.395). There was
no improvement when the RSagpy was further adjusted by OBPM
in calibration (GND, 0.564; P=.966; figure 1D), diagnostic
accuracy (sensitivity/specificity of the top quintile 52.7/82.3
vs 52.9/82.4 for the RSappm model), discrimination (C—statistic
0.760vs 0.759; P =.647), and performance (table 2, last column).
Finally, the EEP for the OBPM-adjusted vs RSagpm model
was 100%, ie, no single participant had an OBPM-adjusted
derived event—probability that fell beyond the 95%CI of the
corresponding event—probability determined by the RSappm
model, indicating again the lack of added predictive value
afforded by OBPM.

Figure 3B depicts the Bland—Altman plot for the individual
event—probabilities of the participants evaluated by the RSagpm
model, both with and without further adjustment by OBPM. The
95% upper and lower limits of agreement, with their respective
95%CI, were extremely low (0.58% [0.56-0.61] and -0.58%
[(—0.61)—(—0.56)], respectively) with the total range of disagree-
ment of ([-3.5]-2.4)%. These findings indicate the very high
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reproducibility in the individual estimated event—probability of
the ABPM—based prediction model and nonsignificant impact of its
adjustment by inclusion of OBPM into it.

Impact of duration of ABPM on RSagpm

Most past studies addressing the merit of BP biomarkers
measured by ABPM vs OBPM as risk factors or even predictors for
CVD events relied upon < 24-—hour ABPM evaluation per
participant.>%57% It has been previously documented that the
reproducibility/accuracy of estimating ABPM—derived parame-
ters, and therefore their prognostic value, depends markedly on
the duration of monitoring.'® In this regard, analyses of the first
24 hours of the 48—hour ABPM evaluations per participant
indicated: a) low reproducibility of asleep SBP mean and
sleep—time relative SBP decline (Bland—Altman 95% limits of
agreement [(—8.3)—8.0] mmHg and [(—7.3)—6.3]%, respectively;
total range of error [(—38.5)-36.5] mmHg and [(-21.5)-36.5]%,
respectively); b) high misclassification rate of true hypertension
and dipping pattern (11.8% and 24.9%, respectively); and c) poorer
calibration, discrimination, and performance in predicting CVD
risk by the 24—hour—RSagpy than by the 48 —hour—RSagpy model:
GND-statistic 17.08; P=.047; C-statistic 0.753 95%Cl
[0.739-0.768]; P=.014; and EEP 83.0 95%CI [82.4-83.6]; P
<.001. Finally, the Bland—Altman 95% upper and lower limits of
agreement [with their respective 95%CI]| for the event—probabil-
probabilities estimated by the 24—hour—RSagpm VS
48 —-hour—RSagpy model were 3.15% [3.01-3.29] and —3.04%
[(=2.91)—(-3.18)], with a total range of disagreement of —14.5%
to 35.6%. These findings indicate poor accuracy and reproducibil-
ity of the individual estimated event—probability scores when
relying on 24—hour instead of more reliable 48—hour ABPM.
Nevertheless, the 24—hour—RSpgpy, despite its limitations
compared with the proposed more accurate 48—hour—RSagpm
model, performed markedly better than the OBPM—based RSarg
model.

DISCUSSION

According to this prospective investigation that corroborates
and extends the conclusions of previous studies,?~° elevated asleep
SBP mean, but not daytime OBPM or awake ABP mean, and
diminished sleep—time relative SBP decline are the only BP-
derived joint significant prognostic indicators of increased risk for
CVD morbidity and mortality. In keeping with these findings, 24.5%
of the participants exhibited “masked hypertension” (here defined
as elevated asleep SBP mean and/or nondipper BP pattern but
normal daytime OBPM) and 17.1% isolated—office hypertension
(normal asleep SBP mean and dipper BP pattern but elevated
daytime OBPM). These results indicated that diagnosis of
hypertension (ie, elevated CVD risk) in 41.6% of the participants,
and most likely all other clinical patients, would be incorrect when
based solely on OBPM.

Our study further documents that: a) the original RSggg
prediction model, as well as its adjusted version to the population
at hand (RSarg), based on daytime OBPM performs very poorly
compared with the ABPM-based RSpgpy model; and b) the
already high predictive value of the RSagpy is not improved when
OBPM is added to the model. Compared with the OBPM—based
RSarc, the ABPM—based RSagpy model showed markedly im-
proved calibration (significantly better goodness—of—fit as
determined by the GND test), diagnostic accuracy (significantly
increased sensitivity of the top quintile), discrimination (signifi-
cantly greater C—statistic), and performance (significantly im-

proved reclassification of the participants to a more precise
estimate of event—probability) (table 2). Most important, the
RSarg—derived event—probability score of almost 60% of all
participants fell beyond the 95%Cl of their corresponding
event—probability determined by the more accurate RSagpwm
model. Indeed, the extent of disagreement in the calculated
event—probability when relying on less accurate OBPM, as
determined by the Bland—Altman 95% limits of agreement, is a
very large (—7.30%, 7.44%) interval, 50% larger than the 10%
event—probability threshold currently recommended for defining
high CVD risk.'? The total range of disagreement (—28.8 to 46.5%)
further substantiated the extremely poor and clinically unac-
ceptable reproducibility of the individual estimation of event—-
probability whenrelying on OBPM. Collectively, these findings not
only establish important limitations of CVD risk stratification
when based upon OBPM, as provided currently by the Framing-
ham score,'?!” but also corroborate the clinical requirement of
ABPM to both properly diagnose true hypertension and accurately
quantify CVD risk.

The major limitations of our study are: a) findings on the
prognostic value of the asleep SBP mean and sleep—time relative
SBP decline require independent prospective validation as well
as extrapolation to diverse ethnic groups; b) OBPM were obtained
by health care practitioners in the clinic and thus BP may have
been potentially overestimated due to a potential “white—coat”
effect, although this approach reflects current medical practice
and that used in most previously reported studies, including the
Framingham study '>7'7 and c) we used the most recent
2008—RSor prediction model!” without generalized correction
for the Spanish population but rather specifically adjusted for the
study population. The only currently available corrected RSorg
for Spain®® was developed as an adaptation of the oldest
1998 —gsr.'# This corrected scale, however, is based on: a) a
relatively small cohort of a single Northeast province of Spain,
characterized by lower prevalence of CVD outcomes than the
average for the country, and b) only a rather low number of
coronary events instead of the more comprehensive CVD
endpoint defined above used in the 2008 —RSogg. Accordingly,
the RSarg used herein for comparison with the ABPM—based
model might well be more representative than the previously
reported corrected scale.?”

Our analyses also have important strengths. The Hygia Project
is the only large—scale prospective CVD outcomes study
completely integrated into routine primary care and thus
representative of the population most frequently assessed for
CVDrisk stratification. Additional strengths are use of: a) 48 —hour
instead of the usual 24—hour ABPM to increase the reproducibility
of BP findings; b) a properly designed participant diary to
ascertain the beginning and end of activity and sleep spans to
accurately derive on an individual basis awake and asleep SBP/
DBP means, rather than relying on assumed and inaccurate
arbitrary fixed clock hours to obtain daytime and nighttime values
provided by device—manufacturer software, as done in most
previous ABPM studies®’; and c) use of multiple statistical
measures (including the novel ones of NRSI and EEP first described
herein) to objectively assess calibration, diagnostic
accuracy, discrimination, and performance of the evaluated risk
score models.

CONCLUSIONS

This prospective evaluation documents that the use of OBPM,
as in the Framingham and other current models, markedly limits
the accuracy of CVD risk stratification, resulting in misleading
identification of individuals at either low or high susceptibility.
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The collective findings reported in this study support the
critical importance of incorporating ABPM into routine clinical
medicine, as recently recommended,'®'® but additionally
from our perspective to accurately detect abnormal sleep—time
BP to diagnose true hypertension and reliably stratify CVD
vulnerability.
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WHAT IS KNOWN ABOUT THE TOPIC?

- The association between BP level and risk for CVD
incidents is much more robust for parameters obtained
from ABPM than from daytime OBPM.

- Current CVD risk stratification models continue to rely
on OBPM exclusively along with traditional factors
including age, sex, smoking, dyslipidemia, and/or
diabetes.

WHAT DOES THIS STUDY ADD?

- Data from 19 949 participants in a prospective,
multicenter, 48—hour ABPM-based, CVD outcomes
study, conducted in the primary care setting were used
to compare the diagnostic accuracy, discrimination, and
performance of the Framingham risk score (RSorg) and
its adjusted adaptation to the study population (RSarg)
with a novel CVD risk stratification model (RSagpm)
constructed by replacing OBPM with ABPM-—derived
prognostic parameters.

- Asleep SBP mean and sleep—time relative SBP decline
were the only joint significant BP—derived CVD risk

factors and should therefore be used for diagnosis of
hypertension and proper CVD risk stratification.

- Compared with RSorg and RSprg, the RSagpv model
showed significantly improved calibration, diagnostic
accuracy, and performance, indicating that vulnerability
described by the RSappy significantly improves discrim-
ination of participants who developed a CVD event
during follow-up.
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