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Introduction: Central aortic blood pressure (BP) could be a better risk predictor than brachial BP. This
study examined whether invasively measured aortic systolic BP improved outcome prediction beyond risk
prediction by conventional cuff-based office systolic BP in patients with and without chronic kidney dis-
ease (CKD).

Methods: In a prospective, longitudinal cohort study, aortic and office systolic BPs were registered in
patients undergoing elective coronary angiography (CAG). CKD was defined as estimated glomerular
filtration rate (eGFR) <60 ml/min per 1.73 m2. Multivariable Cox models were used to determine the as-
sociation with incident myocardial infarction (Ml), stroke, and death.

Results: Aortic and office systolic BPs were available in 39,866 patients (mean age: 64 years; 58% males;
64% with hypertension) out of which 6605 (17%) had CKD. During a median follow-up of 7.2 years
(interquartile range: 4.6-10.1 years), 1367 strokes (CKD: 353), 1858 Mls (CKD: 446), and 7551 deaths (CKD:
2515) occurred. CKD increased the risk of stroke, M, and death significantly. Office and aortic systolic BP
were both associated with stroke in non-CKD patients (adjusted hazard ratios with 95% confidence interval
per 10 mm Hg: 1.08 [1.05-1.12] and 1.06 [1.03-1.09], respectively) and with MI in patients with CKD
(adjusted hazard ratios: 1.08 [1.03-1.13] and 1.08 [1.04-1.12], respectively). There was no significant dif-
ference between prediction of outcome with office or aortic systolic BP when adjusted models were
compared with C-statistics.

Conclusion: Regardless of CKD status, invasively measured central aortic systolic BP does not improve the
ability to predict outcome compared with brachial office BP measurement.
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is highly variable between individuals.”* Perhaps more

H igh BP is frequent in patients with CKD and often,
importantly, the BP response to antihypertensive

several antihypertensive drugs are required to

lower BP and control hypertension.'* Currently, cuff-
based brachial artery BP is predominantly used when
measuring BP. However, vital organs such as the brain,
heart and kidneys are exposed to the central rather
than the brachial BP. Central aortic systolic BP is nor-
mally lower than the corresponding brachial value due
to pulse pressure amplification although this difference
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treatment can differ substantially between the aorta
and the brachial artery.s’7 Central BP has therefore
been suggested as a better risk predictor than brachial
BP in terms of end-organ damage including CKD pro-
gression and future cardiovascular events.” '’
Commercially available equipment (SphymoCor,
Mobil-O-Graph, Arteriograph, etc.) can be used for
noninvasive estimation of the central BP."'"’ Estimated
central BP can predict cardiovascular events®'"; how-
ever, whether it is a better predictor than brachial BP is
debatable.”®'*"” In a recent study with 2875 patients
with CKD, estimated central BP was not superior to

brachial BP in terms of outcome prediction.18 This
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could perhaps be explained by the inherent inaccura-
cies concerning estimated central BP.'” In patients
with CKD, this is even more pronounced with pro-
gressive underestimation of the central systolic BP with
decreasing renal function and increasing arterial stiff-
ness.'’ Consequently, invasively measured central BP
in the ascending aorta is considered gold standard.
Only a few studies have previously assessed the asso-
ciation between invasively measured central aortic BP
and cardiovascular risk yielding conflicting results.”*’
Although patients with CKD are at a high risk of car-
diovascular events,”*>' no previous studies have
focused on this group. The aim of the present cohort
study was to examine whether invasively measured
aortic systolic BP improves prediction of stroke, MI,
and all-cause mortality beyond risk prediction by office
systolic BP in patients with and without CKD who
underwent elective CAG.

METHODS

We included all patients undergoing CAG in Western
Denmark from January 1, 2003 to December 31, 2016
who were registered in the Western Denmark Heart
Registry (WDHR).”” This registry collects patient and
procedure data from hospitals in Western Denmark. In
the case of multiple examination of the same patient
during the inclusion period, the first CAG was used as
the index CAG. The data were linked to outcome data
in the Danish National Patient Registry (DNPR),?’3 the
Danish National Prescription Registry,”* and the
Danish Civil Registration System,35 using the unique
central personal registration number.””*

Brachial office BP and invasively obtained aortic BP
from the WDHR were used. We focused on systolic BP,
because systolic BP increases when the pulse wave
progresses from the aorta toward the peripheral ar-
teries due to pulse wave amplification, while diastolic
BP remains constant within a few mm Hg." The
brachial office BP was measured using a cuff by the
referring general practitioner or during the CAG
admission. Information regarding measurement method
(auscultatory or oscillometric) or number of BP mea-
surements was not available. The invasively obtained
aortic BP was measured in the ascending aorta during
the CAG procedure using a fluid-filled catheter. Typi-
cally, a 6F Boston Scientific Expo Angiographic cath-
eter (Boston Scientific, Natick, MA) with a length of
100 cm and an internal diameter of 1.4 mm attached to
a NAMIC transducer (Navilyst Medical, Marlborough,
MA) or similar were used although not routinely
registered. Transducers were placed at the midaxillary
line and calibrated to zero before each examination
according to local standard-operation procedures.
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Catheters were inserted through a femoral sheath into
the ascending aorta and invasive BP was measured
prior to the angiography when the BP was stable. Pa-
tients undergoing CAG via brachial or radial artery
access (n = 9418) were excluded to ensure use of
invasive aortic BP measurements.

CKD was defined as éGFR below 60 ml/min per 1.73 m’.
Plasma creatinine at the time of CAG as recorded in the
WDHR was used for calculation of eGFR using the
CKD-Epidemiology ~Collaboration equation.”” The
eGFR estimate was also used for classification of CKD
stages 1-5 according to Kidney Disease: Improving
Global Outcomes guidelines.38 There was no data on
proteinuria. Dialysis treatment was classified as either
a dialysis diagnosis or a dialysis access diagnosis
(arteriovenous fistula, dialysis catheter, peritoneal
dialysis catheter) and absence of a renal trans-
plantation diagnosis in the DNPR before CAG. Dia-
betes was defined as follows: either (i) treatment with
insulin & oral glucose-lowering drugs, oral glucose-
lowering drugs alone, or nonpharmacological dietary
treatment for diabetes, as recorded in the WDHR; (ii) a
diabetes diagnosis recorded in the DNPR before or 1
month after CAG; or (iii) redemption of =1 pre-
scription(s) for diabetes medication within 6 months
before or 1 month after CAG, as recorded in Danish
National Prescription Registry.M

Hypertension was defined as receipt of treatment for
hypertension at the time of CAG as recorded in the
WDHR or a diagnosis of hypertension registered in the
DNPR. Prescription records for statins, antiplatelets,
and antihypertensive drugs were obtained from Danish
National Prescription Registry.””

Extent of coronary artery disease, that is, the num-
ber of coronary arteries with obstructive coronary ar-
tery disease (defined as =50% angiographic stenosis)
was recorded as: 0-vessel, 1-vessel, 2-vessel or 3-vessel
disease, or diffuse nonobstructive vessel disease.
Comorbidities were evaluated using the Charlson Co-
morbidity Index score based on discharge diagnoses
registered in the DNPR.” We used a full look-back
period of patient history before the study inclusion
date.

Outcome Definition

The DNPR was used to identify admissions for MI
(International Classification of Diseases, Tenth Revision
codes DI21-21.9) and stroke (International Classifica-
tion of Diseases, Tenth Revision DI60—61, DI629, DI63—
64). Analyses were made separately for the first stroke
and the first MI event occurring after the index CAG
date. Information on all-cause death was obtained from
the Civil Registration System.35
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Ethical Considerations
The study was approved by the Danish Data Protection
Agency (record no. 1-16-02-193-18). According to
Danish law, approval from an ethics committee and
informed consent from the patients were not required
for registry-based studies.

Statistical Analysis

Continuous variables are reported as mean with SD for
normally distributed data and as median (range) for
skewed data. Normality was assessed by histograms
and QQ-plots. The associations between BP with
stroke, MI, and all-cause death were assessed in Cox
regression models and are reported as hazard ratio per
10 mm Hg. The proportional hazards assumption was
assessed by log-log plots and found to be fulfilled.
Information on smoking status was missing in 4.6% of
patients, height in 1.9% of patients, and weight in
1.7% of patients. These missing data were imputed by
20 imputations using chained equations as recom-
mended for Cox-models."’ To avoid double registration
of procedure-related events, follow-up as well as event
registration was initiated 30 days after CAG. The
following predefined variables were used in multivar-
iable regression models: CKD (eGFR =60 ml/min per
1.73 m® vs. eGFR <60 ml/min per 1.73 m?), age, sex,
systolic BP, smoking (never/former/active), a catego-
rized Charlson Comorbidity Index-score (0, 1, 2, or >2
points), hypertension (yes/no), antihypertensive treat-
ment (0, 1, 2, or >2 drugs), statin treatment (yes/no),
antiplatelet therapy (aspirin or adenosine diphosphate
receptor inhibitors), extent of coronary artery disease
(none, diffuse nonobstructive, 1, 2, or 3 vessel disease),
atrial fibrillation (yes/no), diabetes (yes/no), and body
mass index category in kg/m® (<18.5 [underweight],
18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9
[class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3
obesity]). These variables were assessed for inclusion in
multivariable Cox models with and without stratifica-
tion for CKD. We tested for interaction between the
effects of CKD and the BP variables on outcomes. Sig-
nificant interaction terms were observed in the stroke
and all-cause mortality models (crude analysis) and for
office systolic BP and MI (adjusted analysis). Second-
order polynomials of the BP variables were tested for
inclusion in all models and was significant in the all-
cause mortality model and was therefore evaluated as
a categorical variable. The added prediction, discrimi-
nation, and reclassification by invasive aorta BP
compared to office BP were assessed using different
strategies as follows: (i) aortic and office BP were
included in the same Cox models, (ii) discrimination
was assessed with Harrell’s C calculated for Cox models
fitted with either aortic systolic BP or office systolic BP
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using bootstrapping with 50 1replications,41 (iii) reclas-
sification was assessed by the continuous net reclassi-
fication index after adding aortic systolic BP to models
with office systolic BP,"” and (iv) the incremental value
of adding aortic systolic BP to a model with brachial
systolic BP was tested with a likelihood ratio test for
goodness-of-fit of the model. A 2-tailed P-value <0.05
was considered to indicate statistical significance. Data
was analyzed using Stata version 18 (StataCorp LP, TX).

RESULTS

A total of 39,866 patients were included of which 6605
had CKD (eGFR <60 ml/min per 1.73 m?. Patients
undergoing acute or subacute CAG, patients with
known heart failure, patients with previous stroke or
MI, and patients with faulty BP-values were excluded
as shown in Figure 1. During a median follow-up of 7.2
years (interquartile range 4.6-10.1 years), 1367 strokes
(353 in patients with CKD), 1858 MIs (446 in patients
with CKD), and 7551 deaths (2515 in patients with CKD)
were recorded. Baseline characteristics for the total
cohort and CKD stratified are shown in Table 1. Most
patients with renal disease had stage 3 CKD (88%) and
only 5% were on dialysis treatment.

Cuff-Based Office Systolic BP Versus Invasive
Aortic Systolic BP

The difference between brachial cuff-based systolic BP
and invasive aortic systolic BP was compared with
Bland-Altman plots for non-CKD patients (Figure 2a)
and patients with CKD (Figure 2b). As illustrated, the
limits of agreement were wide regardless of CKD status,
most likely reflecting the fact that brachial BP and
invasive aortic BP were not obtained simultaneously.
The mean difference with 95% confidence interval
between cuff-based brachial systolic BP and invasive
aortic BP was —1.6 (—1.8 to —1.3) mm Hg for non-CKD
patients and —2.4 (—2.9 to —1.8) mm Hg for patients
with CKD. The difference was 0.8 (0.2-1.4) mm Hg
higher in non-CKD patients (P = 0.001). Apart from
renal function, the difference between -cuff-based
brachial systolic BP and invasive aortic BP was also
influenced by age, sex, pulse pressure, beta-blocker
treatment, and heart rate (see Supplementary
Figures S1-S7 and Supplementary Tables S1-S3).

Associations Between CKD and Stroke, Ml, and
All-Cause Mortality

CKD was significantly associated with increased risk of
stroke, MI, and all-cause mortality as illustrated in
Figure 3a—c with crude and adjusted hazard ratios and
Kaplan-Meier failure curves. In Figures 4 and 5, we
show Kaplan-Meier failure curves stratified for CKD

Kidney International Reports (2024) 9, 296-311
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Study population

[ Enrollment ]

Patients aged >18 years
undergoing coronary
angiography (CAG) in Western
Denmark between 2003-2016
and registered in the Western
Denmark Heart Registry
(n=154,186)

—— | ¢ Missing data (n=18,554):

Excluded (n=114,320)
+ Acute/subacute procedures (n=70,250)

Missing creatinine value (n=12,744)
Missing brachial BP (n=3,157)
Missing invasive aorta BP (n=2,560)
Missing CAG description (n=93)

+ Brachial catheter access (n=9,418)

+ Previous cardiovascular disease (n=8,179)
Known heart failure (n=5,404)

Previous myocardial infarction (n=1,909)
Previous stroke (n=866)

+ Outlier/faulty blood pressure (BP) (n=7,559)
Identical invasive aorta and brachial BP
(n=7,038)

Brachial systolic BP <80 / >220 mmHg or
diastolic BP <40/ >110 mmHg (n=203)
Invasive aorta systolic BP <80 / >220 mmHg
or diastolic BP <40 / >110 mmHg (n=150)
Brachial pulse pressure <20 / >140 mmHg
(n=115)

Invasive aorta pulse pressure <20/ >140
mmHg (n=53)

+ Death or emigration <30 days after CAG
(n=76)

+ Abnormal creatinine values (n=5)

Available for analysis
(n=39,866)

—

]

eGFR >60 ml/min/1.73m? [
(n=33,261)

Analysis

] eGFR <60 ml/min/1.73m?
(n=6,605)

Figure 1. Study flow chart describing patient selection process. BP, blood pressure; eGFR, estimated glomerular filtration rate.

and BP-level based on either cuff-based office systolic
BP or invasive aortic systolic BP.

Associations Between Brachial Office BP and
Aortic Systolic BP and Stroke

CKD significantly modified the association with stroke
for both office and aortic systolic BP in crude analyses
but not in adjusted analyses. Accordingly, results are
presented stratified by CKD (Table 2). In the adjusted
analyses including all patients, both office and aortic
systolic BP were significantly associated with stroke. In
non-CKD patients, both office and aortic systolic BP
were significantly associated with stroke in both crude
and adjusted analyses. In patients with CKD, only of-
fice BP was significantly associated with stroke in
crude analysis. In multivariable analyses in patients
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with CKD, both office and aortic systolic BP were
borderline significant in terms of stroke prediction, and
in adjusted analyses based on complete cases (omitting
patients with missing body mass index and smoking
status values) both office and aortic systolic BP were
significant (Supplementary Table S4).

Associations Between Brachial Office BP and
Aortic Systolic BP and Ml

In the total study population, both office and aortic BP
were associated with MI in crude analyses. This asso-
ciation was not significantly modified by the presence
of CKD. However, in adjusted analyses, the association
between office BP and MI was significantly modified by
the presence of CKD and adjusted analyses were done
stratified for CKD. The association between aortic
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Table 1. Patient demographics

All eGFR =60 ml/min per 1.73 m? eGFR <60 ml/min per 1.73 m?

Baseline characteristics N = 39,866 n = 33,261 n = 6605 P-value
Age 64 (11) 63 (10) 72 (10) <0.001
Sex (males) 58% (23,259) 60% (19,988) 50% (3271) <0.001
Weight (kg)® 81.3 (16.7) 81.8 (16.8) 78.7 (15.4) <0.001
Height (cm)* 172 (9) 172 (9) 169 (9) <0.001
BMI (kg/m?)° 275 (4.8) 27.5 (4.8) 27.4 (4.7) 0.01
Smoking* <0.001

Active 21% (8564) 23% (7617) 14% (947)

Never 34% (13,432) 33% (11,098) 35% (2334)

Former 40% (16,043) 40% (13,172) 43% (2871)

Unknown or missing sfafus 5% (1827) 4% (1374) 7% (453)
Charlson comorbidity index <0.001

0 70.3% (28,023) 73.0% (24,287) 56.6% (3736)

1 15.4% (6159) 15.4% (5121) 156.7% (1038)

2 8.1% (3210) 7.0% (2314) 13.6% (896)

>2 6.2% (2474) 4.6% (1539) 14.2% (935)
Diabetes 16% (6521) 15% (5126) 21% (1395) <0.001
Hypertension 64% (25,515) 61% (20,283) 79% (5232) <0.001
Atrial fibrillation before CAG 11% (4405) 10% (3292) 17% (1113) <0.001
Antihypertensive treatment (drugs) <0.001

0 16.0% (6368) 18.1% (6006) 5.5% (362)

1 29.7% (11,830) 31.8% (10,581) 18.9% (1249)

2 27.6% (10,998) 27.3% (9072) 29.2% (1926)

>2 26.8% (10,670) 22.9% (7602) 46.4% (3068)
ACE inhibifor treafment 29% (11,432) 27% (9036) 36% (2396) <0.001
ARB freatment 19% (7581) 17% (5724) 28% (1857) <0.001
CCB treatment 35% (13,972) 33% (11,011) 45% (2961) <0.001
Beta-blocker freatment 57% (22,701) 55% (18,381) 65% (4320) <0.001
Thiazide treatment 18% (7304) 17% (5670) 25% (1634) <0.001
Loop diurefic treatment 14% (5699) 11% (3509) 33% (2190) <0.001
MRA freatment 3% (1385) 3% (881) 8% (504) <0.001
Statin freatment 72% (28,803) 72% (24,043) 72% (4760) 0.72
Antiplatelet therapy 76% (30,163) 76% (25,200) 75% (4963) 0.28

Aspirin treatment 72% (28,802) 72% (24,071) 72% (4731) 0.22

ADP-inhibitor treatment 18% (7367) 18% (6132) 19% (1235) 0.62
VKA/NOAC treatment 10% (3965) 9% (2932) 16% (1033) <0.001

VKA treatment 8% (3385) 7% (2464) 14% (921) <0.001

NOAC treatment 2% (684) 2% (540) 2% (144) 0.001
CAG indication <0.001

SAP 70% (27,827) 71% (23,759) 62% (4068)

Valve disease 10% (4061) 9% (2933) 17% (1128)

Unspecified chest pain 7% (2887) 8% (2615) 4% (272)

Other 5% (1998) 4% (1,443) 8% (555)

Cardiomyopathy 2% (869) 2% (665) 3% (204)

Missing 2% (798) 2% (621) 3% (177)

Arythmia 2% (781) 2% (673) 2% (108)

UAP 1% (242) 1% (220) 0% (22)

Control/Complication/STEMI <1% (67) <1% (42) <1% (15)
Coronary artery disease <0.001

0 VD 44% (17,711) 46% (15,259) 37% (2452)

Diffuse VD 13% (5270) 13% (4404) 13% (866)

1VD 20% (7824) 20% (6524) 20% (1300)

2\VD 12% (4596) 11% (3719) 13% (877)

3 VD 11% (4465) 10% (3355) 17% (1110)
eGFR (ml/min per 1.73 m?) 80 (66-92) 84 (73-94) 51 (42-56) <0.001
CKD-stage <0.001

1 28% (11,300) 34% (11,300)

2 55% (21,961) 66% (21,961)

3 15% (5828) 88% (5828)

(Continued on following page)
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Table 1. (Continued) Patient demographics

CLINICAL RESEARCH

All €GFR =60 ml/min per 1.73 m? eGFR <60 ml/min per 1.73 m?

Baseline characteristics N = 39,866 n = 33,261 n = 6605 P-value

4 1% (332) 5% (332)

5 0% (129) 2% (129)

5d 1% (316) 5% (316)
Brachial/Office systolic BP (mm Hg) 143 (20) 143 (19) 145 (21) <0.001
Brachial/Office diastolic BP (mm Hg) 81 (11) 81 (1) 79 (1) <0.001
Invasive aortic sysfolic BP (mm Hg) 145 (23) 144 (23) 147 (24) <0.001
Invasive aortic diastolic BP (mm Hg) 72 (12) 72 (12) 69 (13) <0.001
Brachial/Office pulse pressure (mm Hg) 62 (17) 61 (17) 66 (17) <0.001
Invasive aortic pulse pressure (mm Hg) 72 (21) 72 (21) 78 (22) <0.001

ACE, angiotensin-converting enzyme; ADP, adenosine diphosphate receptor inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CAG, coronary
angiography; CCB, calcium channel blocker; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MRA, mineralocorticoid receptor antagonists; NOAC, non-vitamin K
antagonist oral anticoagulants; SAP, stable angina pectoris; STEMI, ST-elevation myocardial infarction; UAP, unstable angina pectoris; VD, vessel disease; VKA, vitamin K antagonist

treatment.

?Denotes baseline variables with missing data:

Weight: n = 675 (all), n = 541 (eGFR =60), n = 134 (eGFR <60).
Height: n = 749 (all), n = 595 (eGFR =60), n = 154 (eGFR <60).
BMI: n = 855 (all), n = 677 (eGFR =60), n = 178 (eGFR <60).
Smoking: n = 1827 (all), n = 1374 (eGFR =60), n = 453 (eGFR <60).

Missing data on weight, height, and smoking status were imputed as described in the methods section.

systolic BP and MI was not significantly modified by
the presence of CKD in adjusted analysis. In non-CKD
patients, office BP lost significance in terms of MI
prediction; however, aortic systolic BP remained sig-
nificant. In patients with CKD, both office and aortic BP
were significantly associated with MI in adjusted ana-
lyses (Table 2).

Associations Between Office and Aortic Systolic
BP and All-Cause Mortality

CKD significantly modified the association with all-
cause mortality for both office and aortic systolic BP
in crude analyses. Accordingly, results are presented
stratified by CKD (Table 2). In non-CKD patients, both
office and aortic systolic BP were significantly associ-
ated with death in crude analyses. In patients with
CKD, only low (=110 mm Hg) or high (>180 mm Hg)
office BP were significantly associated with death in
crude analysis. Only aortic systolic BP =110 mm Hg
was significantly associated with death in crude anal-
ysis in CKD. In multivariable analysis, CKD did not
significantly modify the association with all-cause
mortality. In the total study population, only low
(=110 mm Hg) or high (>180 mm Hg) office systolic BP
were significant in adjusted analysis. Low (=110
mm Hg) aortic systolic BP was also associated with
increased risk of death in the total study population in
adjusted analysis. Aortic systolic BP categories 131-140
mm Hg and 141-160 mm Hg were associated with a
lower risk of death in the total study population in
adjusted analysis. When stratified for CKD both office
and aortic systolic BP =110 mm Hg were significantly
associated with increased risk of death in non-CKD
patients in adjusted analyses. In patients with CKD,
office systolic BP =110 mm Hg or >180 mm Hg were

Kidney International Reports (2024) 9, 296-311

significantly associated with death. Aortic systolic BP
lost significance in patients with CKD in adjusted
analysis.

Relative Prognostic Contribution of Office
Versus Aortic Systolic BP

The relative prognostic contribution of office versus
aortic systolic BP was assessed for the associations
where both BP indices were significantly associated
with the outcome using patients with complete data
shown in Supplementary Table S1. There was no sig-
nificant difference between office and aortic systolic BP
in the crude models, but Harrel’s C-values were quite
low regardless of using aortic or office systolic BP
(Table 3). The adjusted models performed better with
Harrel’s C-values around 0.7 indicating good models in
terms of predicting outcome. Yet, still there was no
significant difference between prediction of outcome
with office or aortic systolic BP in adjusted models.
Continuous net reclassification index was barely sig-
nificant with stroke as outcome in non-CKD patients
but otherwise nonsignificant when aortic BP was added
to adjusted Cox models with office BP. In adjusted
models, the likelihood ratio test was only significant
with stroke as outcome (all patients) and MI as outcome
(patients with CKD), suggesting that the incremental
model fit from adding aortic systolic BP to a multi-
variable model with office BP is limited most likely due
to a high degree of collinearity between office and
aortic systolic BP.

DISCUSSION

The main finding of this study is that event prediction
in terms of stroke, MI, and all-cause mortality was not
improved by invasively obtained central aortic systolic
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Non-CKD (n=33,261)
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I

T T
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Figure 2. Bland-Altman plots: (a) Non-CKD patients; (b) CKD patients, showing difference between cuff-based brachial office systolic BP and
invasively obtained aortic systolic BP. BP, blood pressure; CKD, chronic kidney disease; SD, standard deviation.

BP compared to conventional cuff-based systolic BP
regardless of CKD status. Our study elaborates previous
findings but included more patients with longer
follow-up. More importantly, it provided additional
insight regarding the presence of renal disease and
cardiovascular outcome. Therefore, as a novelty, in a
large cohort of patients with CKD, our study compared
invasively measured aortic systolic BP and cuff-based
brachial systolic BP in terms of outcome prediction
focusing on stroke, MI, and all-cause mortality.

For many years, both in patients with CKD **** and
those without CKD,&M’16 central aortic BP has been
proposed as a potentially better risk marker than con-
ventional cuff-based brachial BP. The rationale behind
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this idea originates mainly from physiology and
because of the difference in BP-response to antihyper-
tensive medication when aortic and peripheral BP were
compared as demonstrated in the CAFE study.6 Systolic
BP is amplified because the pulse wave generated by
the cardiac systole progresses from the aorta to the
peripheral arteries.” This amplification varies between
individuals, and the systolic BP in the brachial artery
may differ significantly from the aortic BP, to which
the heart, brain, and kidneys are exposed.”" Despite
the plausible physiology and the fact that antihyper-
tensive medications can exert differential effects on
brachial and central pressure,””’ the added prognostic
value of aortic BP remains debated””"° and the latest
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Figure 3. (a) Kaplan Meier failure curves with stroke as outcome according to CKD status. (b) Kaplan Meier failure curves with M| as outcome.
(c) Kaplan Meier failure curves with all-cause mortality as outcome.

Parameters included in the CKD stratified adjusted models:

Stroke: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant
[>50%] stenosis/1, 2, or 3 vessel disease), atrial fibrillation (yes/no), diabetes (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no),
antihypertensive drugs prescribed (0, 1, 2, or >2), and BMI category (kg/m?): (<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30—
34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]).

MI: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant
[>50%] stenosis/1, 2, or 3 vessel disease), diabetes (yes/no), hypertension (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no), and
BMI category (kg/m?): (<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40
[class 3 obesity]).

All-cause mortality: age, sex, smoking (never, former, active), modified Charlson comorbidity index (0/1/2/>2), number of diseased vessels (none,
(continued)
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Figure 4. Outcomes: (a) Stroke; (b) MI; (c) All-cause mortality, based on cuff-based brachial office systolic BP and stratified for CKD (eGFR <60
ml/min per 1.73 m?). BP, blood pressure; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MI, myocardial infarction.

<
Figure 3. (Continued) diffuse coronary atherosclerosis without significant [>50%] stenosis/1, 2, or 3 vessel disease), and BMI category (kg/m?):
(<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]). BMI,
body mass index; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MI, myocardial infarction; 95% Cl, 95% confidence
interval.
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Figure 5. Outcomes: (a) Stroke; (b) MI; (c) All-cause mortality, based on invasive aortic systolic BP and stratified for CKD (eGFR<60 ml/min per
1.73 m?). BP, blood pressure; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MI, myocardial infarction.

study in patients with CKD did not find central BP
superior to conventional cuff BP.'® The latter study
used noninvasive assessment of central aortic BP and
could be affected by inherent inaccuracies and cali-
bration problems as previously demonstrated by our

Kidney International Reports (2024) 9, 296-311

group.' "’ Therefore, noninvasive estimates of central
BP progressively underestimate invasive central sys-
tolic BP with decreasing renal function and increasing
arterial stiffness in patients with CKD."’ Use of invasive
aortic measurements obviously bypasses this problem.
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Table 2. Hazard ratios with 95% CI for the association between office or aortic systolic BP and the incidence of stroke, MI, and all-cause

mortality

Hazard ratios and outcome
prediction

All (N = 39,866)

Patients with eGFR =60 ml/min per 1.73
m? (n = 33,261)

Patients with eGFR <60 mU/min per 1.73 m?
(n = 6605)

Office Systolic BP

Aortic Systolic BP

Office Systolic BP

Aortic Systolic BP

Office Systolic BP

Aortic Systolic BP

Outcome HR (95% Cl) HR (95% Cl)
Stroke
Crude 9P = 0.006) 9P =0.04)
Adjusted  1.08 (1.05-1.11)°  1.06 (1.03-1.08)°
Mi Crude 1.08 (1.05-1.10)°  1.08 (1.06-1.10)°
Adjusted 9P =0.01) 1.05 (1.03-1.07)°
All-cause mortality Crude
=110 1.27 (1.14-1.41)°  1.12 (1.02-1.23)°
111-130 1 1
131-140  1.02 (0.95-1.10) 9(P = 0.006)
141-160 9P = 0.002) 9P < 0.001)
161-180 d(P < 0.001) 9P < 0.001)
>180 1.77 (1.68-1.97)° 9P < 0.001)
Adjusted
<110 1.32 (1.19-1.47)°  1.14 (1.04-1.25)°
111-130 1 1
131-140  0.94 (0.88-1.01)  0.90 (0.84-0.97)°
141-160  0.95 (0.89-1.01)  0.93 (0.87-0.99)°
161-180  0.97 (0.90-1.05)  0.94 (0.88-1.01)
>180 1.21 (1.08-1.35)°  0.99 (0.89-1.09)

HR (95% CI)

1.16 (1.11-1.18)°
1.08 (1.05-1.12)°
1.06 (1.03-1.09)°
1.01 (0.99-1.04)

1.18 (1.03-1.34)°
1

1.03 (0.94-1.12)

1.15 (1.06-1.24)°

1.37 (1.25-1.50)°

1.69 (1.47-1.95)°

1.30 (1.14-1.48)°
1

0.94 (0.86-1.02)

0.97 (0.90-1.04)

0.99 (0.91-1.09)

1.08 (0.94-1.25)

HR (95% CI)

1.10 (1.07-1.13)°
1.06 (1.03-1.09)°
1.07 (1.04-1.09)°
1.04 (1.02-1.07)°

1.06 (0.94-1.18)
1

1.01 (0.92-1.10)

1.11 (1.03-1.20)°

1.28 (1.17-1.40)°

1.43 (1.26-1.61)°

1.16 (1.04-1.30)"
1

0.90 (0.83-0.99)°

0.93 (0.86-1.00)

0.93 (0.85-1.01)

0.93 (0.82-1.06)

HR (95% CI)

.055 (1.004-1.109)°

1.05 (1.00-1.10)
1.10 (1.05-1.16)°
1.08 (1.03-1.13)°

1.35 (1.13-1.60)°
1

0.97 (0.86-1.09)

0.93 (0.84-1.04)

0.95 (0.83-1.08)

1.46 (1.22-1.75)°

1.36 (1.15-1.62)°
1

0.95 (0.84-1.08)

0.90 (0.81-1.01)

0.91 (0.80-1.03)

1.41 (1.17-1.69)°

HR (95% CI)

1.040 (0.995-1.087)
1.043 (0.999-1.090)

1.09 (1.05-1.13)°
1.08 (1.04-1.12)°

1.26 (1.08-1.48)°
1

0.90 (0.79-1.03)

0.93 (0.83-1.04)

1.02 (0.90-1.16)

1.08 (0.92-1.28)

1.12 (0.96-1.32)
1

0.89 (0.79-1.02)

0.92 (0.82-1.03)

0.94 (0.83-1.07)

1.04 (0.88-1.23)

BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MI, myocardial infarction; 95% Cl, 95% confidence interval.

ap < 0.05
5P < 0.01
P < 0.001

dIndicates that the interaction term eGFR <60 ml/min x office systolic BP/aortic systolic BP was significant.
Results are presented for all participants and stratified by CKD status (eGFR<60 or eGFR<60 ml/min per 1.73m?. Results for stroke and MI are presented per 10 mm Hg difference.
Results for all-cause mortality are presented per BP category in comparison to the reference category (111-130 mm Hg).

Adjusted models:.

Stroke: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant [>50%] stenosis/1, 2, or 3 vessel disease),
atrial fibrillation (yes/no), diabetes (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no), antihypertensive drugs prescribed (0, 1, 2, or >2), and BMI category (kg/m?): (<18.5
[underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]).

MI: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant [>50%] stenosis/1, 2, or 3 vessel disease),
diabetes (yes/no), hypertension (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no), and BMI category (kg/m?): (<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [over-

weight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]).

All-cause mortality: age, sex, smoking (never, former, active), modified Charlson comorbidity index (0/1/2/>2), number of diseased vessels (none, diffuse coronary atherosclerosis
without significant [>50%] stenosis/1, 2, or 3 vessel disease), and BMI category (kg/m?): (<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9

[class 2 obesity], =40 [class 3 obesity]).

The mean difference between cuff-based brachial sys-
tolic BP and invasive aortic systolic BP in the present
study was similar to previous findings by our group
(non-CKD: —1.4 [—3.9 to 1.0] mm Hg and CKD: 3.0
[—0.3 to 6.3] mm Hg)"” although the difference between
non-CKD and CKD was smaller in the present study and
with much wider limits of agreement, most likely
caused by nonsimultaneous and nonstandardized cuff-
based office BP and invasive aortic BP measurements in
the present study.

Until now, the prognostic impact of invasively
measured aortic BP has been assessed in 5 previous
studies.””*”*® Three of these focused on the strength of
the association between aortic BP with major cardio-
vascular events and mortality, and did not report as-
sociations with brachial office BP.””?”"*’ The present
study and 2 previous studies from our group”®*®
expanded on the available studies by presenting the
discrimination of aortic BP with C-index and its
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confidence limits for models, including aortic BP and
established risk markers. Ideally, a new risk marker
should demonstrate added predictive value beyond
current best practice, in this case cuff-based office BP,
by the improvement of discrimination and risk classi-
fication.”” The present study found no indication of
superiority  of systolic BP
compared with office systolic BP. When discrimination
and reclassification were assessed, our data did not
show improvement in discrimination and reclassifica-
tion in models with aortic systolic BP as compared with
office systolic BP. However, it should be acknowledged
that both office systolic BP and aortic systolic BP per-
formed rather poorly in crude analyses regardless of
CKD status with Harrel’s C-values close to 0.5, which
equals random chance in terms of prognostic value
indicating the importance of additional factors (age,
smoking status, diabetes, and number of diseased cor-
onary vessels, etc.). Moreover, it highlights the fact

invasively measured
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Table 3. Evaluation of the prognostic value of aortic systolic BP as compared with office systolic BP

CLINICAL RESEARCH

Stroke, all patients (N = 37,316)
Cox regression with both BP variables in the same model

Adjusted

C-stafistics

Cox regression with office BP versus Cox regression with aorfic BP
Adjusted

Difference

Reclassification (aortic BP added fo model with office BP)
Adjusted

HR (95% Cl)

office BP 1.06 (1.03-1.10)
aortic BP 1.03 (1.01-1.06)
Harrel’s C (95% CI)
office BP aortic BP
0.70 0.70

0.003 (-0.005 to 0.006)
confinuous net reclassification index (95% CI)
4.78 (-8.4 10 10.41) %

Likelihood ratio test (model with office BP vs. model with aorfic BP and office BP) for goodness-of-fit

Adjusted

Stroke, nonrenal patients (eGFR =60 ml/min per 1.73 m?) (n = 31,306)

Cox regression with both BP variables in the same model

Crude

Adjusted

C-stafistics

Cox model with office BP versus Cox model with aorfic BP
Crude

Difference

Adjusted

Difference

Reclassification (aortic BP added fto model with office BP)
Crude

Adjusted

HR (95% CI)

office BP 1.11 (1.07-1.15)
aortic BP 1.05 (1.02-1.08)
office BP 1.07 (1.03-1.11)
aortic BP 1.031 (0.999-1.065)
Harrel’s C (95% CI)

office BP aortic BP

0.58 0.56

0.013 (-0.007 o 0.032)
0.70 0.70

0.0030 (—0.0003 fo 0.0064)
confinuous net reclassification index (95% CI)
8.64 (2.38-14.89) %
6.90 (0.44-13.36) %

Likelihood ratio fest (model with office BP vs. model with aortic BP and office BP) for goodness-of-fit

Crude
Adjusted
Stroke, patients with CKD (eGFR <60 mi/min per 1.73 m?) (n = 6010)

Cox regression with both BP variables in the same model

Adjusted

C-statistics

Cox model with office BP vs. Cox model with aortic BP
Adjusted

Difference

Reclassification (aortic BP added fto model with office BP)
Adjusted

HR (95% CI)

office BP 1.04 (0.98-1.11)
aortic BP 1.03 (0.98-1.09)
Harrel's C (95% Cl)
office BP aortic BP
0.64 0.64

0.002 (—0.005 o 0.010)
confinuous net reclassification index (95% CI)
—2.07 (—13.56 10 9.41) %

Likelihood ratio test (model with office BP vs. model with aorfic BP and office BP) for goodness-of-fit

Adjusted
MI, patients with CKD (eGFR <60 ml/min per 1.73 m?) (n = 6010)

Cox regression with both BP variables in the same model

Crude
Adjusted

C-statistics

Cox model with office BP vs. Cox mode! with aortic BP
Crude

Difference

Adjusted

Difference

Reclassification (aortic BP added to model with office BP)
Crude

HR (95% CI)

office BP 1.07 (1.02-1.12)
aortic BP 1.06 (1.01-1.11)
office BP 1.052 (0.999-1.109)
aortic BP 1.051 (1.004-1.100)
Harrel’s C (95% Cl)

office BP aortic BP

0.54 0.55

—0.0017 (—0.044 to 0.009)
0.72 0.72

—0.0006 (—0.0045 to 0.0033)
confinuous net reclassification index (95% CI)
10.45 (0.84-20.06) %

P-value

<0.001

0.02

P-value

<0.001

0.001

<0.001

0.06

0.007
0.04

0.001
0.06

P-value

0.20
0.21

1.28

0.21

P-value

0.01
0.01
0.06
0.03

0.03
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Table 3. (Continued) Evaluation of the prognostic value of aortic systolic BP as compared with office systolic BP

Adjusted 5.43 (—4.72 to 15.59) 0.29
Likelihood ratio fest (model with office BP vs. model with aortic BP and office BP) for goodness-of-fit

Crude 0.01
Adjusted 0.03

BMI, body mass index; BP, blood pressure; CKD, chronic kidney disease; HR, hazard ratio; MI, myocardial infarction; 95% Cl, 95% confidence interval.

HR results for stroke and Ml are presented per 10 mm Hg difference. Evaluation of aortic versus office systolic BP was only performed in the subgroups in which both BP indices were
associated with the outcome (stroke and MI) when tested in separate Cox models, using patients with complete data (n = 37,316 hereof n = 6010 with eGFR <60 ml/min per 1.73 m? due
to missing covariate values for BMI and smoking) (Supplementary Table S4).

The prognostic contribution of aortic and office systolic BP was assessed using complementary statistical strategies as follows: (i) by simultaneously including both BP indices in the
same Cox models (crude and adjusted), (i) discrimination was assessed based on Harrell's C calculated for Cox models (crude and adjusted) fitted with either aortic systolic BP or office
systolic BP, (iii) improvement in reclassification by adding aortic systolic BP to models with office systolic BP (crude and adjusted) was assessed by the continuous net reclassification
index, and (iv) the incremental value of adding aortic systolic BP to a model with brachial systolic BP was tested with a likelihood ratio test for goodness-of-fit of the model with or
without aortic systolic BP in the model.

Adjusted models for stroke includes: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant [>50%]
stenosis/1, 2, or 3 vessel disease), atrial fibrillation (yes/no), diabetes (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no), antihypertensive drugs prescribed (0, 1, 2, or >2),
and BMI category (kg/m?): (<18.5 [underweight], 18.5-24.9 [normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]).

Adjusted models for Ml includes: age, sex, smoking (never, former, and active), number of diseased vessels (none, diffuse coronary atherosclerosis without significant [>50%] stenosis/
1, 2, or 3 vessel disease), diabetes (yes/no), hypertension (yes/no), statin treatment (yes/no), antiplatelet treatment (yes/no), BMI category (kg/m?: (<185 [underweight], 18.5-24.9

[normal], 25-29.9 [overweight], 30-34.9 [class 1 obesity], 35-39.9 [class 2 obesity], =40 [class 3 obesity]).

that our population overall is a high-risk population in
which BP, not necessarily, is the best predictor in terms
of outcome. Therefore, in younger patients with lower
cardiovascular risk where differences between aortic
and brachial BP are found to be higher observations
may be different. Unfortunately, it is highly unlikely
that invasive aortic BP measurements will become
available for comparison with office BP measurements
from a young low-risk population because such pa-
tients do not undergo aortic catheterization.

In line with previous studies, patients with CKD in
our cohort had elevated risk of stroke, MI, and all-
cause mortality compared to non-CKD patients
demonstrating a clear association between progression
of cardiovascular risk and decline in renal function.’””!
Previous studies in patients with CKD have demon-
strated a U-shaped association between systolic BP and
cardiovascular outcome. This U-shaped association has
been shown to disappear after adjustment for known
cardiovascular disease.”’ We omitted patients with
known previous cardiovascular disease (heart failure,
MI, and stroke) from our cohort and found a linear
relationship with both office and aortic systolic BP for
stroke and MI as outcome. Regarding all-cause mor-
tality, our data suggest a U-shaped association with a
higher risk of death with both office and aortic systolic
BP <110 mm Hg. This indicates reverse causation due
to undiagnosed premorbid conditions (heart failure and
frailty) which inevitably weakens associations with
systolic BP, but fits well with previous observations of
a decline in systolic BP prior to death.”’

Strengths and Limitations

This study is the largest to-date based on data from
invasive aortic BP measurements and at the same time
including patients with CKD. Our study was conducted
in Denmark, which has a national tax-based universal
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healthcare system, thereby reducing selection bias
caused by selective inclusion of specific hospitals,
health insurances, or age groups. Follow-up and
outcome ascertainment were standardized through
high-quality national registers,”” and patients were
followed-up with until death, emigration, or end of
follow-up. Information bias or differential outcome
misclassification are therefore unlikely to have affected
our results.”® Office BP was measured by the referring
physician or during the admission for the CAG and
therefore not under the same standardized conditions
as invasively measured aortic BP. However, this source
of additional random error in office BP measures would
a priori confer a prognostic advantage for the invasive
BP. Pulse wave data were not available for analysis and
arterial stiffness was not measured. The study popu-
lation consisted of patients referred for elective CAG on
suspicion of coronary artery disease. Therefore, our
results may neither be directly applicable to patients in
the general population with hypertension nor to all
patients with CKD. The uneven representation of CKD
stages with the majority belonging to CKD stage 3
mirrors the real world but could arguably be perceived
as a potential limitation especially for comparison with
advanced stages of CKD including dialysis patients. As
in all observational studies, residual confounding may
still affect the association between BP and outcomes;
however, it is unlikely to substantially affect the
comparisons of office versus aortic systolic BP.

Conclusion

In conclusion, we did not observe a clinically mean-
ingful improvement in discrimination in the present
high-risk population, including patients with CKD
when assessing systolic aortic BP in our prediction
model. Therefore, the effects of systolic BP when ob-
tained via the classical cuff applied to the brachial
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artery seem to capture most of the prognostic infor-
mation carried by systolic BP and our data do not
indicate that central BP would improve risk classifica-
tion during long term follow-up.

Perspectives

Cardiovascular risk assessment based on aortic BP has
been suggested as potentially superior to office BP both
in patients with CKD and those without CKD. So far, no
previous studies in patients with CKD have assessed
whether invasively obtained aortic BP provides added
discrimination or reclassification beyond office BP. In
our large study, we found strong evidence that the
predictive ability of invasively measured aortic systolic
BP, the gold-standard method, does not exceed office
systolic BP and that invasively measured aortic systolic
BP does not improve discrimination or reclassification
beyond office BP regardless of the presence of CKD.
Moreover, our findings suggest that there is little to be
gained by introducing noninvasive estimates of aortic
systolic BP, such as the ones usually obtained by
commercial devices. Pulse wave analysis may poten-
tially provide additional information beyond office BP;
however, whether this will improve discrimination and
reclassification in terms of cardiovascular outcome re-
mains to be elucidated.
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