00d Pressure Monitoring

Conventional and Ambulatory Blood Pressure as Predictors
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Abstract—Atvariance with the long established paradigm that retinal arteriolar narrowing trails hypertension, several longitudinal
studies, all based on conventional blood pressure (CBP) measurement, proposed that retinal arteriolar narrowing indicates
heightened microvascular resistance and precedes hypertension. In 783 randomly recruited Flemish (mean age, 38.2 years;
51.3% women), we investigated to what extent CBP and daytime (10 aM to 8 pm) ambulatory blood pressure (ABP) measured
at baseline (1989-2008) predicted the central retinal arteriolar equivalent (CRAE) in retinal photographs obtained at follow-
up (2008-2015). Systolic/diastolic hypertension thresholds were 140/90 mmHg for CBP and 135/85 mmHg for ABP. In
multivariable-adjusted models including both baseline CBP and ABP, CRAE after 10.3 years (median) of follow-up was
unrelated to CBP (P=>0.14), whereas ABP predicted CRAE narrowing (P<0.011). Per 1-SD increment in systolic/diastolic
blood pressure, the association sizes were —0.95 nm (95% confidence interval, —2.20 to 0.30)/—0.75 pm (-1.93 to 0.42) for
CBP and —1.76 pm (—2.95 to —0.58)/—1.48 pm (-2.61 to —0.34) for ABP. Patients with ambulatory hypertension at baseline
(17.0%) had smaller CRAE (146.5 versus 152.6 pm; P<0.001) at follow-up. CRAE was not different (P>0.31) between
true normotension (normal CBP and ABP; prevalence, 77.6%) and white-coat hypertension (elevated CBP and normal
ABP, 5.4%) and between masked hypertension (normal CBP and elevated ABP, 10.2%) and hypertension (elevated CBP
and ABP, 6.8%). In conclusion, the paradigm that retinal arteriolar narrowing precedes hypertension can be explained by
the limitations of CBP measurement, including nonidentification of masked and white-coat hypertension . (Hypertension.
2016;68:511-520. DOI: 10.1161/HYPERTENSIONAHA.116.07523.) ® Online Data Supplement
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reading®'""® or as the average of 2 readings,”*!*!? using error-
prone devices'*'® based on an auscultatory”!!* or oscillomet-
ric'? approach.

In 1892, Gunn’s pioneering work proposed narrowing of reti-
nal arterioles as an early sign of hypertensive retinopathy and
as a prognostic indicator in hypertensive patients.! More than

a century later, abundant evidence shows that retinal arterio-
lar narrowing parallels target organ damage in cross-sectional
studies? and predicts macrovascular complications in longitudi-
nal population surveys.** At variance with the long established
paradigm that retinal arteriolar narrowing trails hypertension,
other studies proposed that retinal arteriolar narrowing indi-
cates heightened microvascular resistance™® and precedes the
development of hypertension.””'* However, in these studies,”
blood pressure was only conventionally measured as a single

Guidelines'” and expert opinion'®! currently propose
ambulatory blood pressure monitoring as the state-of-the-
art method for measuring blood pressure. Compared with
the conventional approach, ambulatory monitoring substan-
tially refines risk stratification in hypertensive patients?*->
and the general population.”** The greater number of
readings, the absence of observer bias, and the minimiza-
tion of the white-coat effect all contribute to its predic-
tive superiority.!” The combined application of office and
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ambulatory blood pressure measurement allows stratify-
ing for white-coat and masked hypertension, reproduc-
ible conditions® characterized by a high conventional and
normal ambulatory blood pressure or vice versa. The risk
associated with white-coat hypertension is low, whereas it
is high for masked hypertension.?>?” In this article, we ana-
lyzed the Flemish Study on Environment, Genes and Health
Outcomes (FLEMENGHO)*? to assess to what extent con-
ventional and daytime ambulatory blood pressure at base-
line predicted retinal arteriolar and venular diameters at
follow-up 10 years later.

Methods

Study Population

FLEMENGHO complies with the Helsinki declaration for research in
human subjects and the Belgian legislation for the protection of pri-
vacy (http://www.privacycommission.be). As described in detail else-
where,”®? from August 1985 to November 1990, a random sample of
the households living in a geographically defined area of Northern
Belgium was investigated. All household members with a minimum
age of 20 years were invited to take part, if the quota of their sex-
age group had not yet been satisfied. From June 1996 to January
2004 recruitment of families continued using the former participants
(1985-1990) as index persons and including teenagers. The partici-
pants were repeatedly followed up. At each contact, participants gave
informed written consent.

Of 3343 participants, 2904 had their daytime ambulatory blood
pressure measured (1989-2008) and 1285 underwent retinal pho-
tography (2008-2015). The participation rate for ambulatory blood
pressure monitoring and retinal photography amounted to 94.7%
and 76.0%, respectively. In the context of this article, baseline and
follow-up, respectively, refer to the dates of daytime blood pres-
sure measurement and retinal imaging (Figure 1). We excluded
participants from analysis if conventional and ambulatory blood
pressure were measured at an interval >7 days (n=1039), if the
daytime ambulatory blood pressure was the mean of <10 readings
(n=35), or if the retinal photographs were of too low quality to
be reliably graded (n=221). This left 791 participants with both
conventional and ambulatory blood pressure measured and with
gradable retinal photographs. Finally, we excluded 8 participants
because their retinal microvascular diameters were >3 SDs lower
than the population mean. Thus, the number of participants statisti-
cally analyzed totaled 783.

Imaging of the Retinal Microvasculature

Participants were asked to refrain from heavy exercise, smoking,
drinking alcohol, or caffeine-containing beverages for at least 3
hours before retinal imaging. We applied a nonmydriatic approach
in a dimly lit room to obtain retinal photographs, 1 image per eye in
each participant, with the Canon Cr-DGi retinal visualization system
combined with the Canon D 50 digital camera (Canon Inc, Medical
Equipment Group, Utsunomiya, Japan). We determined the central
retinal arteriolar equivalent (CRAE) and central retinal venular equiv-
alent, which represent the retinal arteriolar and venular diameters,
respectively. We used the validated computer-assisted program [VAN
(Vasculomatic ala Nicola, version 1.1; Department of Ophthalmology
and Visual Science, University of Wisconsin-Madison, Madison, WI)
based on formulae published by Parr and Spears* and Hubbard et al.?!
The IVAN software returns average vessel diameters according to the
revised Knudtson formula.* The arteriolar:venular diameter ratio
(AVR) was CRAE divided by central retinal venular equivalent. For
analysis, we averaged each participant’s measurements at both eyes.
Intraobserver variability according to the Bland and Altman method*
was 11.7% for CRAE, 9.6% for central retinal venular equivalent,
and 12.5% for AVR.** The corresponding estimates for interobserver
variability were 10.8%, 9.9%, and 14.6%.**

Blood Pressure Measurement

Nurses measured each participant’s blood pressure at baseline and
follow-up by auscultation of the Korotkoff sounds. After the partici-
pants had rested for 5 minutes in the sitting position, the observers
obtained 5 consecutive blood pressure readings (phase V diastolic
pressure) to the nearest 2 mmHg, using mercury sphygmomanom-
eters. Standard cuffs had a 12x24 cm inflatable portion, but if upper
arm girth exceeded 31 cm, larger cuffs with 15x35 cm bladders were
used. For analysis, the 5 blood pressure readings obtained at baseline
or at follow-up were averaged. From baseline to follow-up, we imple-
mented a stringent quality assurance and quality control program,
as described in detail elsewhere.¥3¢ We checked digit preference
at 6-month intervals. Hypertension on conventional blood pressure
measurement was a blood pressure equal to or exceeding 140 mm Hg
systolic or 90 mm Hg diastolic.

At baseline, within 1 week of the conventional blood pressure mea-
surements, participants were validated®” SpaceLabs 90204 or 90207
portable monitors to record their daytime ambulatory blood pressure
from 8 am to 10 pm at 20-minute intervals. As an alternative, they could
also opt having their blood pressure monitored >24 hours, but for the
current study, only the daytime part of these recordings was analyzed.
The recordings were sparsely edited, removing only readings labeled
with an error code or with lower systolic than diastolic blood pres-
sure level. For continuous analyses, we computed the daytime blood
pressure as the within-individual mean of the readings between 10 am
and 8 pm weighted for the interval between readings. This short defi-
nition of daytime eliminates the transition periods in the morning and
evening during which blood pressure changes rapidly in most people
and approximates within 1 to 2 mm Hg to the wakeful blood pressure
recorded by the diary method.® In categorical analyses, ambulatory
hypertension was a daytime blood pressure of 135 mmHg systolic
or 85 mmHg diastolic or higher.!” Normotension and sustained hy-
pertension were a consistently normal or elevated blood pressure on
conventional and ambulatory measurement. White-coat hypertension
was a raised conventional blood pressure in the presence of a nor-
mal daytime blood pressure. Masked hypertension was an elevated
ambulatory blood pressure with normal conventional blood pressure.
Participants were cross-classified based on blood pressure levels only,
irrespective of treatment with antihypertensive drugs.

Other Measurements

The nurses measured the subjects’ anthropometric characteristics.
Body mass index was weight in kilograms divided by the square of
height in meters. They also administered a standardized question-
naire inquiring into each participant’s medical history, smoking and
drinking habits, and intake of medications. Consumption of alcohol
was a daily intake of at least 5 g of ethanol.* Plasma glucose and
total serum cholesterol were measured using automated methods in a
single certified laboratory. Diabetes mellitus was described as a fast-
ing or random glucose level exceeding 126 or 200 mg/dL (7.0 or 11.1
mmol/L) or use of antidiabetic agents.*

Statistical Analysis

For database management and statistical analysis, we used SAS soft-
ware, version 9.4. We compared means and proportions by the stan-
dard normal z test or ANOVA and by the ¥’ statistic, respectively.
We applied McNemar test to assess changes over time in categorical
variables. Statistical significance was a 2-sided significance level of
0.05 on 2-sided tests.

First, in unadjusted analyses, we explored whether the baseline
conventional and ambulatory blood pressure, either as continu-
ous variables or by their cross-classification into normotension and
white-coat, masked and sustained hypertension predicted the retinal
microvascular traits at follow-up. We then searched for covariables
of the retinal microvascular diameters, using a stepwise regression
procedure with P values for covariables to enter and stay in the mod-
els set at 0.15. We standardized the retinal traits to the average in the
whole study population (mean or ratio) for significant covariables so
identified. In multivariable-adjusted analyses, we assessed conven-
tional and ambulatory blood pressure as continuous variables or their
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Figure 1. Flowchart for study participants.

cross-classification as predictors of the retinal traits. Fully adjusted
analyses accounted for sex, age, body mass index, smoking and drink-
ing, serum total cholesterol, plasma glucose at baseline, duration of
follow-up, and 3 indicator variables coding for starting, stopping, or
continuing antihypertensive drug treatment from baseline to follow-
up. We computed the variance inflation factor for collinearity from
regression models including both conventional and daytime blood
pressure.*! The final multivariable analyses relied on mixed models as
implemented in SAS 9.4, which accounted for family clusters mod-
eled as a random effect and the other covariables modeled as fixed
effects. In sensitivity analyses, we replaced age, body mass index,
smoking and drinking, serum total cholesterol, and plasma glucose
by the values obtained at follow-up. In addition, we ran models relat-
ing CRAE and AVR as continuous traits with daytime blood pressure
at baseline and concurrent conventional blood pressure at follow-up.

Results

Quality of the Blood Pressure Measurements
Within-individual participants, there were no missing conven-
tional blood pressure readings in each series of 5. Of the 7830
systolic and diastolic blood pressure readings obtained by aus-
cultation at baseline, 25.9% ended on zero, 17.5% on 2, 19.7%
on4, 18.1% on 6, and 18.8% on 8. At follow-up, these propor-
tions were 22.0%, 19.0%, 19.8%, 19.7%, and 19.4%, respec-
tively. Combining baseline and follow-up, only 6 readings
(0.03%) ended on an odd number. The number of participants
with 5 identical readings at baseline amounted to 5 (0.64%)
for systolic pressure and to 7 (0.89%) for diastolic pressure.
At follow-up, these numbers were 2 (0.26%) and 6 (0.77%),
respectively. The number of blood pressure readings obtained
by ambulatory monitoring ranged from 11 to 43 (median, 32;
5th-95th percentile interval, 19-40).

Characteristics of Participants

All 783 participants were white Europeans, of whom 402
(51.3%) were women. The study population consisted of 124
singletons and 659 related subjects, belonging to 128 one-
generation families and to 88 multigeneration pedigrees. In all
participants (Table 1), mean values at baseline were 38.2 years
for age, 120.7/74.8 mm Hg and 122.8/76.1 mm Hg for systolic
and diastolic blood pressure, respectively, on conventional and
daytime measurement, and 24.7 kg/m? for body mass index.
At baseline, participants opting for 24-hour (n=299) instead
of daytime (n=484) monitoring had similar sex distribution
and prevalence of smoking and drinking (P>0.21), but were
on average 6.0 years older and therefore had slightly but sig-
nificantly (P<0.048) higher body mass index, blood pressure,
serum cholesterol, and plasma glucose.

Median follow-up was 10.3 years (5th-95th percen-
tile interval, 4.8-20.2 years). From baseline to follow-up,
the prevalence of smoking decreased from 21.2% to 15.8%,
whereas the proportion of people drinking alcohol increased
from 27.1% to 40.9%. Body mass index, the prevalence of
overweight and obesity, conventional blood pressure, and
treatment rates for hypertension and hyperlipidemia increased
from baseline to follow-up. On the contrary, serum total cho-
lesterol and plasma glucose decreased over time. At baseline,
among 66 participants on antihypertensive drug treatment,
23 (2.9%) were taking diuretics, 53 (6.8%) inhibitors of
the renin-angiotensin system (B-blockers, angiotensin-con-
verting enzyme inhibitors, or angiotensin II type-1 receptor
blockers) and 12 on vasodilators (calcium-channel blockers
or a-blockers). At follow-up, the number of participants on
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Table 1. Characteristics of Participants at Baseline and
Follow-Up
Characteristic Baseline Follow-Up PValue
No. with characteristics (%) 783 783
Current smoker 166 (21.2) 124 (15.8) <0.001
Drinking alcohol =5 g/d 212 (27.1) 320 (40.9) <0.001
Overweight 255 (32.6) 305 (39.0) 0.0014
Obesity 78 (10.0) 146 (18.6) <0.001
Diabetes mellitus 8(1.0 26 (3.3) 0.002
Conventional hypertension 95 (12.1) 232 (29.6) <0.001
Daytime hypertension 133(17.0)
On antihypertensive drugs 66 (8.4) 174 (22.2) <0.001
Lipid-lowering treatment 25(3.2) 117 (14.9) <0.001

Mean of characteristic (+SD)

Age, years 38.2+14.4 49.3+15.0 <0.001
Body mass index, kg/m? 24.7+4.3 26.4+4.5 <0.001
Conventional blood pressure

Systolic, mmHg 120.7+£141 128.6+15.8 <0.001

Diastolic, mm Hg 74.8+10.6 81.9+9.9 <0.001
Daytime blood pressure

Systolic, mmHg 122.8+10.2

Diastolic, mmHg 76.1+7.8
Total cholesterol, mmol/L | 5.10+1.02 4.95+0.92 0.002
Plasma glucose, mmol/L 5.05+1.02 4.78+0.74 <0.001

Body mass index was body weight in kilogram divided by height in meters
squared. Overweight and obesity refer to a body mass index of 25 to 29.9 and
>30 kg/m?, respectively. Conventional hypertension was a blood pressure
of >140 mmHg systolic or 290 mmHg diastolic. Daytime hypertension was
a blood pressure of >135 mmHg systolic or >85 mmHg diastolic. P values
indicates the significance of the difference between baseline and follow-up.

antihypertensive drugs increased to 174, of whom 60 (7.7%)
were on diuretics, 137 (17.5%) on inhibitors of the renin-
angiotensin system, and 46 (5.9%) on vasodilators. From
baseline to follow-up, the number of patients on combination
therapy increased from 22 to 69 (P<0.001).

Of the 783 participants, at baseline, 608 (77.6%) were con-
sistently normotensive based on conventional and daytime blood
pressure measurement and 42 (5.4%), 80 (10.2%), and 53 (6.8%)
had white-coat, masked, or sustained hypertension (Table 2).
Among 42 white-coat hypertensive patients, the conventional
blood pressure thresholds were met by 16 participants (38.0%)
for systolic pressure, by 19 (45.2%) for diastolic pressure, and
by 7 (16.8%) for systolic and diastolic blood pressure. Among
the 80 participants with masked hypertension, 27 (33.8%) satis-
fied the daytime threshold for systolic pressure, 32 (40.0%) the
diastolic threshold, and 21 (26.2%) both.

Continuous Analyses

Figure 2 demonstrates that in unadjusted analyses, CRAE
decreased (P<0.003) across sex-specific fourths of the dis-
tributions of blood pressure, irrespective of the type of
measurement.

Associations of CRAE with conventional and daytime
blood pressure, either analyzed separately or introduced
together in the same model, appear in Table 3. All analyses in
Table 3 accounted for clustering within families. In otherwise
unadjusted models, 1-SD increment in the baseline systolic/
diastolic blood pressure was associated with a smaller CRAE
(P<0.001) at follow-up. The estimates were —3.14/-2.83
pm and by -3.03/-2.79 pm for conventional and daytime
blood pressure, respectively. With adjustments applied for
the baseline variables sex, age, and smoking, these estimates
became -1.68/-1.34 pm and -2.14/-1.72 pm (P<0.010).
Fully adjusted models additionally included as covariables
body mass index, serum total cholesterol, plasma glucose, and
drinking at baseline, follow-up duration, and 3 indicator vari-
ables coding for starting, stopping, or remaining on antihy-
pertensive drug treatment from baseline to follow-up. In fully
adjusted models, CRAE at follow-up was 1.89/1.38 pm and
2.21/1.76 pm smaller in relation to the conventional and day-
time blood pressure at baseline (P<0.011).

Next, we introduced the conventional and daytime
blood pressure together into the models (Table 3). Although
accounting only for family ties, CRAE at follow-up signifi-
cantly decreased in relation to both baseline conventional
and daytime blood pressure with systolic/diastolic estimates
amounting to —2.07/-1.86 pm (P<0.001) and to —1.80/-1.78
um (P<0.002). In adjusted models, the associations of CRAE
with conventional systolic/diastolic blood pressure lost sig-
nificance (-0.60/-0.65 pm; P>0.27), whereas those with
daytime blood pressure remained significant (—1.83/—1.43
pm; P<0.011). Fully adjusted models were confirmatory with
effect sizes of —0.94/-0.75 pm (P=0.14) and of —1.75/-1.46
pm (P<0.011) for conventional and daytime blood pressure,
respectively (Figure 3). In all models including both conven-
tional and daytime blood pressure, the variance inflation fac-
tor for collinearity was <1.94. Finally, sensitivity analyses,
in which we adjusted for covariables measured at follow-up
instead of baseline, produced consistent results (Table S1 and
Figure S1 in the online-only Data Supplement). The same
was true if we additionally replaced baseline conventional
blood pressure by concurrent conventional blood pressure
(Table S2).

Both before and after adjustment for baseline or follow-up
variables, all associations of central retinal venular equivalent
with conventional and daytime blood pressure were nonsig-
nificant (0.06<P<0.87; Tables S3 and S4); the associations
of AVR with blood pressure mirrored those of CRAE, the
numerator of AVR (Tables S5 and S6).

Categorical Analyses

Table 4 shows the retinal traits by cross-classification
based on the baseline conventional and daytime blood
pressure. Patients with ambulatory hypertension at base-
line (17.0%) had smaller CRAE (146.5 versus 152.6
pm; P<0.001) and AVR (0.68 versus 0.70; P=0.004) at
follow-up. Participants with sustained hypertension had
smaller CRAE than those with normotension and white-
coat hypertension (P<0.050), whereas there was no differ-
ence between participants with sustained hypertension and
masked hypertension (P=0.31), irrespective of whether
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Table 2. Characteristics of Participants at Baseline by Blood Pressure Status
Characteristic Normotension White-Coat Hypertension = Masked Hypertension Sustained Hypertension PValue
No. with characteristics (%) 608 (77.6) 42 (5.4) 80(10.2) 53 (6.8)
Women 343 (56.4) 15 (35.7) 25(31.2) 19 (35.8) <0.001
Current smoker 119 (19.6) 8(19.0) 28 (35.0) 1(20.8) 0.017
Drinking alcohol =5 g/d 144 (23.7) 11(26.2) 34 (42.5) 23 (43.4) 0.001
Diabetes mellitus 4(0.7) 1(2.4) 2(2.5) 1(1.9) 0.30
Treated for hypertension 39 (6.4) 5(11.9) 7(8.8) 15 (28.3)* <0.001
Mean of characteristic (+SD)
Age, years 36.1+14.0 47.2+13.3t 41.1+13.8% 50.4+11.8% <0.001
Body mass index, kg/m? 24.2+4.2 26.2+4.2¢ 26.0+4.8 26.3+2.8 <0.001
Conventional blood pressure
Systolic, mmHg 116.4+10.4 140.5£11.71 125.2+8.11 148.1+13.3tF <0.001
Diastolic, mmHg 72.0+8.9 89.9+6.5t 76.9+7.5t1 90.8+9.3t <0.001
Heart rate, bpm 68.3+9.0 65.6+8.9 69.0+10.4% 69.6+11.8 <0.001
Daytime blood pressure
Systolic, mmHg 119.3+7.2 123.4+7.61 136.0+6.31 141.6+9.31 <0.001
Diastolic, mmHg 73.7£5.8 76.6+5.9* 85.3+5.3t 89.6+8.41 <0.001
Heart rate, bpm 76.8+10.8 71.0+£10.5t1 79.8+11.2t 75.5+12.8% <0.001
Total cholesterol, mmol/L 4.98+0.97 5.46+1.06* 5.37+1.06 5.81+1.16% <0.001
Plasma glucose, mmol/L 5.00+1.00 5.05+0.89 5.28+1.08 5.30+1.18 <0.001

Body mass index was body weight in kilogram divided by height in meters squared. Normotension and sustained hypertension were a consistently normal or elevated
blood pressure on conventional (threshold, 140/90 mmHg) and daytime ambulatory measurement (threshold, 135/85 mmHg). White-coat hypertension was a raised
conventional blood pressure (=140/90 mm Hg) with a normal daytime blood pressure (<135/85 mm Hg). Masked hypertension was a normal conventional blood pressure

(<140/90 mm Hg) with a raised daytime blood pressure (=135/85 mmHg). P values for the overall between-group differences were derived by ANOVA.

Significance of the difference with the left adjacent group: *P<0.01, 1P<0.001, and $P<0.05.

the analyses were fully adjusted (Table 4). Furthermore,
participants with sustained hypertension had smaller AVR
than normotensive people (P<0.015), again irrespective

of adjustment (Table 4). Sensitivity analyses from which
we excluded participants on antihypertensive drug treat-
ment at baseline (Table S7) or accounting for covariables
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Figure 2. Sex-specific associations of central retinal arteriolar equivalent with conventional and daytime blood pressure. Central retinal
arteriolar equivalent (CRAE) by fourths of the sex-specific distributions of systolic (SBP, A) or diastolic (DBP, B) blood pressures, based on
conventional and daytime blood pressure measurements. P values for linear trend were all significant (P<0.003).
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Table 3. Central Retinal Arteriolar Equivalent at Follow-Up in Relation to Blood Pressure at Baseline

Models Including a Single Type of Blood Pressure Measurement

Models Including Both Types of Blood Pressure Measurement

Conventional Blood Pressure

Daytime Blood Pressure

Conventional Blood Pressure

Daytime Blood Pressure

Systolic pressure

Unadjusted

-3.14 (~4.08 t0 —2.20)*

-3.03 (-3.97 to —2.09)*

-2.07 (-3.23 t0 -0.91)*

~1.80 (~2.96 to -0.64)t

Adjusted

-1.68 (~2.70 to -0.64)t

~214(-3.11to-1.17)*

~0.60 (~1.83 10 0.63)

-1.83 (-2.99 to -0.66)t

Fully adjusted

-1.89 (-2.98 t0 -0.81)*

~2.21(-3.22 to -1.19)*

-0.94 (-2.19 10 0.31)

-1.75 (-2.93 to -0.57)t

Diastolic pressure

Unadjusted

—-2.83 (-3.77 to -1.88)*

—2.79 (-3.74 to -1.85)*

-1.86 (-2.98 to -0.74)t

-1.78 (-2.90 to -0.66)t

Adjusted

-1.34 (-2.36 10 -0.32)%

-1.72 (-2.70 to -0.74)*

~0.65 (~1.80 t0 0.50)

~1.43 (-2.54 t0 -0.32)t

Fully adjusted

-1.38 (-2.46 to -0.31)

-1.76 (-2.80 to -0.73)*

-0.75 (-1.93 10 0.42)

-1.46 (-2.60 to -0.33)

Effect sizes (95% confidence interval) express the changes in the central retinal arteriolar equivalent associated with a 1-SD increase in conventional or daytime blood
pressure. All estimates account for clustering within families. Adjusted estimates account for baseline characteristics including sex, age, and smoking. Fully adjusted
models were additionally adjusted for body mass index, serum total cholesterol, plasma glucose, and drinking at baseline, for follow-up duration, and for three indicator
variables coding for starting, stopping or continuing antihypertensive drug treatment from baseline to follow-up. In all models, the variance inflation factor for collinearity
between conventional and daytime blood pressure was <1.94. Significance of the associations: *P<0.001, 1P<0.01, and $£P<0.05.

measured at follow-up instead of baseline were confirma-
tory (Table S8).

Discussion
To our knowledge, our study is the first longitudinal popula-
tion survey assessing the association of retinal microvascular
traits with conventional and daytime ambulatory blood pres-
sure either analyzed as continuous variables or categorized
into distinct hypertension subtypes. The key findings can be
summarized as follows: (1) CRAE and AVR at follow-up
decreased with blood pressure at baseline, irrespective of the
type of measurement; (2) in the presence of daytime ambu-
latory blood pressure, conventional blood pressure did not

predict the retinal microvascular traits at follow-up; (3) in the
presence of concurrent conventional blood pressure, baseline
daytime blood pressure retained its predictive value for CRAE
and AVR; (4) masked hypertension had a prevalence of 10%
and was associated with the same degree of retinal arterio-
lar narrowing as sustained hypertension; (5) and white-coat
hypertension, being present in 5.4% of participants, was not
associated with retinal arteriolar narrowing compared with
normotension.

A key question is whether retinal arteriolar narrow-
ing occurs in response to current blood pressure levels or
whether it relates to previous blood pressure levels, regard-
less of the current blood pressure level, and therefore reflects
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Figure 3. Multivariable-adjusted associations of central retinal arteriolar equivalent with systolic and diastolic blood pressure. The plane
shows the independent associations of central retinal arteriolar equivalent (CRAE) with systolic (SBP; A) and diastolic (DBP; B) blood
pressures, based on conventional and daytime measurement. The plotted plane was standardized to the midpoints of the distributions
(means or ratios) of sex, age, body mass index, serum total cholesterol, plasma glucose, smoking, and drinking at baseline, to follow-up
duration, and to 3 indicator variables coding for starting, stopping, or continuing antihypertensive drug treatment from baseline to follow-up.
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Table 4. Retinal Phenotypes at Follow-Up by Hypertension Category at Baseline
White-Coat Masked Sustained
Retinal Microvascular Trait Normotension Hypertension Hypertension Hypertension P,; Value P, Value | A, Value
Unadjusted
CRAE, um 152.7+0.55 150.5+2.1 147.5+1.5 145.0+1.9 <0.001 0.050 0.31
CRVE, pm 218.8+0.78 222.8+3.0 217.5+2.2 216.2+2.6 0.35 0.10 0.70
AVR 0.70+0.003 0.68+0.012 0.68+0.009 0.67+0.011 0.015 0.84 0.62
Adjusted
CRAE, um 152.2+0.54 153.1+£2.0 148.3+1.5 148.2+1.8 0.032 0.062 0.78
CRVE, pm 218.1+0.76 226.3+2.9 217.8+2.1 220.6+2.6 0.36 0.13 0.38
AVR 0.70+0.003 0.68+0.012 0.68+0.009 0.67+0.011 0.013 0.80 0.40
Fully adjusted
CRAE, um 152.2+0.54 152.8+2.0 148.6+1.5 147.6+1.9 0.020 0.049 0.64
CRVE, um 218.1+0.76 225.8+2.9 217.9+2.1 221.0+2.7 0.34 0.18 0.37
AVR 0.70+0.003 0.68+0.012 0.68+0.009 0.67+0.012 0.006 0.61 0.21

Values are mean=SE. All estimates account for clustering within families. Adjusted estimates account for baseline characteristics including sex, age, and
smoking. Fully adjusted models were additionally adjusted for body mass index, serum total cholesterol, plasma glucose, and drinking at baseline, for follow-up
duration, and for 3 indicator variables coding for starting, stopping, or continuing antihypertensive drug treatment from baseline to follow-up. AVR indicates

arteriole:venule ratio; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; P,

hypertension and sustained hypertension; A,

persisting arteriolar damage. Three previous population stud-
ies”* assessed the association between retinal traits from
photographs taken at 1 eye*** and concurrent and past blood
pressure. The exposure variable was a single blood pres-
sure reading** or the average of 2 readings,”** obtained
with a standard mercury sphygmomanometer*** or with the
Hawksley random zero device.** Previous blood pressure
was obtained 3, 5,* 6,*? or up to 8+ years before retinal imag-
ing. The report of the Atherosclerosis Risk in Communities
(ARIC) study* included 9300 nondiabetic participants repre-
senting 4 communities (age range, 50-71 years; 56.2% women;
19.0% blacks). In multivariable-adjusted analyses, AVR
decreased (P<0.009) with concurrent and past mean arterial
pressure, irrespective of sex and antihypertensive drug treat-
ment. Effect sizes for a 10-mmHg higher level of mean arte-
rial pressure ranged from —0.010 to —0.018 and from —0.006
to —0.012 for concurrent and past blood pressure, respectively.
Among 10 hypertensive retinal signs, 8 were associated with
concurrent blood pressure, but arteriovenous nicking was the
only retinal abnormality associated with both concurrent and
past blood pressure with odds ratios per 10-mmHg incre-
ment in mean arterial pressure of 1.10 (95% confidence inter-
val, 1.00-1.21) and 1.28 (1.15-1.43), respectively.*> In the
Cardiovascular Health Study (CHS),* generalized arteriolar
narrowing was defined as the lowest fifth of the CRAE dis-
tribution. Among 2405 participants, aged =65 years (60.0%
women; 14.6% blacks; and 14.5% diabetic patients), the odds
ratios of arteriolar narrowing, expressed per 10-mm Hg incre-
ments in blood pressure level, were 1.11 (1.04—1.18) systolic
and 1.17 (1.04-1.31) diastolic for concurrent blood pressure
and 1.15 (1.07-1.24) systolic and 1.30 (1.12-1.50) diastolic
for past blood pressure.** However, with adjustment for con-
current blood pressure, generalized arteriolar narrowing was

. the significance of the difference between masked

the significance of the difference between normotension and sustained hypertension; and £, the significance of
the difference between white-coat hypertension and sustained hypertension.

the only of 4 retinal signs that remained significantly asso-
ciated with past blood pressure.* The Blue Mountains Eye
Study (BMES)* reported that among 2002 people aged >54
years (57.6% women), the multivariable-adjusted slopes of
CRAE on systolic/diastolic blood pressure were —0.13/-0.14
pm per mm Hg for concurrent blood pressure and —0.05/-0.09
pum per mm Hg for past blood pressure.* For AVR, these esti-
mates were —0.12/-0.15 U per mm Hg and —0.02/-0.10 U per
mm Hg, respectively.* To summarize, the combined evidence
from 3 cohort studies** demonstrates that, expectedly, con-
current compared with past blood pressure is a stronger cor-
relate of retinal microvascular traits.

Moving from retrospective*** to prospective studies, 7
reports’'® suggested that retinal arteriolar narrowing precedes
the development of hypertension. Mean follow-up from reti-
nal imaging at baseline to the diagnosis of incident hyper-
tension ranged from 3 years in the Multi-Ethnic Study of
Atherosclerosis (MESA)?® to 10 years in the Beaver Dam Eye
Study (BDES)” and BMES,"" and sample size ranged from
1058 in the Funagata Study' to 5628 in ARIC.® In all,7$!1%-13
but 1 study,’ hypertension was a conventional blood pressure
of 2140 mmHg systolic or 290 mmHg diastolic or use of
antihypertensive drugs. Incident hypertension in BMES? also
included untreated severe hypertension with as thresholds 160
mm Hg systolic and 100 mm Hg diastolic. Mean age at enroll-
ment ranged from 57.3" to 64.3'° years. In all”®!%'% but 1°
study, the multivariable analyses accounted for blood pressure
at baseline at the time of retinal imaging. Five studies”!®!
expressed the risk of hypertension per 1-SD increment in
CRAE, >3 AVR,” or both.'%!" In these continuous analyses, the
maximally adjusted odds ratios ranged from 1.10 (1.10-1.20)"!
to 1.53 (1.08-2.18)"* for CRAE and from 1.10 (1.00-1.20)"
to 1.31 (1.18-1.45)7 for AVR. In 7 reports,”"* investigators
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also compared the risk of hypertension between the bottom
and top quantile of the distributions of CRAE,>!*> AVR,"® or
both,”!! subdivided into thirds,'® fourths,”'*"? or fifths.®>*!! In
these analyses, odds ratios ranged from 1.47 (1.01-2.14)!2 to
2.15 (1.58-2.93)!° for CRAE and from 1.50 (1.20-2.00)"' to
2.00 (1.30-3.00)° for AVR. In view of contemporary knowl-
edge,'" not yet available at the time of recruitment for the
aforementioned prospective studies,”'* blood pressure mea-
surement constitutes a major limitation in their interpretation.
Indeed, in all studies,”" blood pressure was the only conven-
tionally measured as a single reading”!"!3 or as the average
of 2 readings,”3!®1? using error-prone devices'*'® based on
auscultatory’ '3 or oscillometric'? techniques. None of the
studies reported on digit or number preference. Moreover,
a single blood pressure reading or the average of 2 at a sin-
gle visit is insufficient to differentiate normotension from
hypertension.!”46

A major contribution of ambulatory blood pressure moni-
toring to risk stratification is the cross-classification between
office and ambulatory blood pressure.'”” The International
Database on Ambulatory Blood Pressure Monitoring in
Relation to Cardiovascular Outcome (IDACO) includes ran-
domly recruited population samples who had office and ambu-
latory blood pressure and cardiovascular risk factors measured
at baseline with a longitudinal follow-up of fatal and nonfa-
tal cardiovascular outcomes.”?’ Using a daytime threshold of
135/85 mmHg," the prevalence of normotension and white-
coat, masked, and sustained hypertension was 49.4%, 10.6%,
14.5%, and 25.5%, respectively.”® The multivariable-adjusted
risk associated with white-coat hypertension did not differ
from normotension, whereas masked hypertension conferred a
risk not different from that of sustained hypertension.”> Among
untreated IDACO participants with office normotension
(<120/<80 mmHg*®) or office prehypertension (120-139/80-
89 mmHg*), the multivariable-adjusted hazard ratios associ-
ated with masked hypertension in normotensive subjects were
2.11 (1.24-3.60; P=0.007) for a composite cardiovascular end
point and 3.02 (1.25-7.32; P=0.01) for stroke.”” The corre-
sponding hazard ratios associated with masked hypertension in
prehypertensive subjects were 2.08 (1.67-2.59; P<0.0001) and
2.97 (2.03—4.35; P<0.0001), respectively.”” In the reviewed
prospective studies,”'* normotension at the time of retinal
imaging includes masked hypertension, a forerunner of sus-
tained hypertension,*#* which as shown in our current study
is associated with retinal arteriolar narrowing. Furthermore,
hypertension at follow-up in the reviewed studies encompasses
white-coat hypertension, of which the prevalence increases
with a lower number of conventional readings,* higher con-
ventional blood pressure,*-° and advancing age.**° Compared
with normotension, the cardiovascular risk associated with
white-coat hypertension also increases with longer follow-up
with a hazard ratio of 1.30 (1.01-1.68; P=0.043) at 12 years of
follow-up.? Disregarding masked hypertension at baseline and
higher conventional blood pressure at baseline as precursor of
white-coat hypertension at follow-up,*-° in our view, necessi-
tate revision of the hypothesis that retinal arteriolar narrowing
precedes true hypertension.” '3

In our current study, we did not take photographs at base-
line. However, in the retrospective®>* and prospective’"

studies reviewed above, the conventional blood pressure was
always measured at baseline and follow-up, but retinal photo-
graphs were lacking at baseline in the retrospective studies*>**
and at follow-up in the prospective studies’™* that proposed
that retinal arteriolar narrowing precedes hypertension. We
did a sensitivity analysis showing that even in the presence
of concurrent conventional blood pressure daytime ambula-
tory blood pressure at baseline remained a predictor of retinal
arteriolar narrowing at follow-up (Table S2). In previous stud-
ies based on conventional blood pressure measurement, con-
current compared with past blood pressure was consistently
a stronger correlate of the retinal microvascular traits.*>*
Moreover, retinal arteriolar diameter decreases with aging,*
making it unlikely that in our current study, we missed retinal
arteriolar narrowing already being present at baseline.

Our current study has to be interpreted within the context
of other potential limitations and its strengths. First, at base-
line, there was a slight overrepresentation of conventional
blood pressure readings ending in zero (25.9% versus the
expected 20%). However, to our knowledge, FLEMENGHO
is among the few studies that reported on the quality of both
conventional and ambulatory blood pressure measurement.
Second, in line with current practice,'” we used daytime not
24-hour ambulatory blood pressure to cross-classify our par-
ticipants. However, previous studies demonstrated that using
daytime or 24-h blood pressure yields similar proportions
of patients with white-coat and masked hypertension,* as
well as similar estimates of cardiovascular risk.?” Third, the
prevalence of white-coat hypertension in our study was about
half of that in other studies of populations®?’ and patients.*®
However, our participants were repeatedly followed up by the
same team of study nurses living in the catchment area of the
study. Familiarization of participants with the study team is a
likely explanation of the low prevalence of white-coat hyper-
tension. Fourth, 20% of invitees declined retinal imaging at
follow-up. However, participants and nonparticipants did not
differ (P>0.16) in age, body mass index, conventional and
daytime blood pressure level, or prevalence of hypertension
or smoking. Finally, our study included only white Europeans.
However, in the international multiethnic IDACO study, there
were no differences in the risks associated with blood pres-
sure among Europeans, Asians, and South Americans.”

Perspectives

The paradigm that retinal arteriolar narrowing precedes
hypertension can be explained by the limitations of conven-
tional blood pressure measurement, including the nonidentifi-
cation of white-coat and masked hypertension. The take-home
message of our current study is that multiple measurements
of blood pressure outside the medical environment are supe-
rior to fewer measurements by observers and that ambulatory
monitoring, as already proposed a decade ago by Pickering
et al'!? and as reiterated in contemporary guidelines,"” is the
state-of-the-art technique for assessing blood pressure in clini-
cal practice and research.
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Novelty and Significance

What Is New?

At variance with the long established paradigm, that retinal arterial nar-
rowing trails hypertension, several longitudinal studies proposed that
retinal arteriolar narrowing indicates heightened microvascular resis-
tance and precedes the development of hypertension. In all previous
longitudinal studies, blood pressure was conventionally measured. We
investigated in 783 randomly recruited Flemish to what extent conven-
tional (CBP) and daytime ambulatory (ABP) blood pressure predict nar-
rowing of the retinal arterioles.

What Is Relevant?

In multivariable-adjusted models including both baseline CBP and ABP,
central retinal arteriolar equivalent after 10.3 years (median) of follow-
up was unrelated to CBP, whereas central retinal arteriolar equivalent
significantly decreased with the ABP level.

Patients with ambulatory hypertension at baseline (=135/85 mmHg) had
smaller central retinal arteriolar equivalent at follow-up.

Central retinal arteriolar equivalent was not different between true nor-
motension (normal CBP and ABP; prevalence, 78%) and white-coat hy-
pertension (elevated CBP and normal ABP; 5%) and between masked
hypertension (normal CBP and elevated ABP; 10%) and hypertension
(elevated CBP and ABP; 7%).

Summary

The paradigm that retinal arterial narrowing precedes hypertension
can be explained by the limitations of CBP measurement, includ-
ing nonidentification of masked and white-coat hypertension. The
take-home message is that in relation to the retinal microvascula-
ture, multiple measurements of blood pressure outside the medical
environment are superior to fewer measurements by observers.






