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Association Between Circulating Ketone Bodies and Worse Outcomes
in Hemodialysis Patients
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Background—Cardiovascular disease is the leading cause of morbidity and mortality in patients receiving hemodialysis. Systemic
metabolic perturbation is one of the hallmark abnormalities in patients at high cardiovascular risk. We sought to determine the
relationship between circulating ketone body and clinical outcomes in patients with prevalent hemodialysis.

Methods and Results—We retrospectively assessed the relationship between serum B-hydroxybutyrate (BOHB), the most
abundant ketone body in the circulation, and prognosis in 405 stable hemodialysis patients. During a mean follow-up of
3.2+0.9 years, there were 54 major adverse cardiovascular events (defined as cardiovascular death, nonfatal myocardial
infarction, nonfatal stroke, and hospitalization attributed to heart failure) and 67 all-cause deaths. Major adverse cardiovascular
events rates increased from 11.1 per 1000 person-years in the lowest OHB quintile (<89 pmol/L) to 80.1 per 1000 person-years
in the highest quintile (>409 pumol/L). After adjusting for demographic characteristics, coronary artery disease, and atrial
fibrillation, the highest BOHB quintile was associated with increased risk of major adverse cardiovascular events compared with the
lowest quintile (hazard ratio, 10.2; 95% confidence interval [3.35—44.0]; P<0.001). Increased quintiles of BOHB were independently
and incrementally associated with major adverse cardiovascular events over the model based on an established risk score (the
second Analyzing Data, Recognizing Excellence and Optimizing Outcomes cohort score) and N-terminal pro-B-type natriuretic
peptide (chi square 39.9 versus 21.7; P<0.001; c-statistics, 0.713). Sensitivity analyses also confirmed the robustness of
association between BOHB and all-cause death.

Conclusions—Increased serum PBOHB levels were independently associated with cardiovascular events and all-cause death in
patients receiving hemodialysis. These results highlight the need for future studies to understand the mechanisms underlying these
observations. (J Am Heart Assoc. 2017;6:e006885. DOI: 10.1161/JAHA.117.006885.)
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There are multiple mechanisms that link to the worse
clinical outcome, including sympathetic nervous system (SNS)
activation, inflammation, insulin resistance, hypertension, and
dyslipidemia, in ESRD patients. Growing evidence indicates
that increased fatty acids flux and perturbed tissue metabo-
lism of fatty acids are consistent features in the patients at
cardiovascular risk.>® However, the prognostic potential of

C ardiovascular disease is common among patients with
end-stage renal disease (ESRD), especially in those who
require maintenance hemodialysis, and substantially con-
tributes to mortality and morbidity in this population.’™
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abnormal lipid metabolism in ESRD patients remains unclear.

Ketone bodies are a crucial alternative metabolic fuel
source for extrahepatic organs in some physiological states,
such as fasting, exercise, and pregnancy.” Ketone bodies are
predominantly produced in the liver from fatty acids and are
transported to extrahepatic tissues. It has been increasingly
recognized that ketone body metabolism is increased in a
myriad of pathological conditions, including insulin resistance,
inflammation, heart failure (HF), and ischemic heart dis-
ease,®? that are prevalent in hemodialysis populations. This
led us to hypothesize that elevated levels of circulating ketone
body (B-hydroxybutyrate; BOHB) would be related to cardio-
vascular adverse outcomes in dialysis patients. To explore this
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Clinical Perspective

What Is New?

Hemodialysis patients had elevated p-hydroxybutyrate
levels, the most abundant ketone body in the circulation.
Increased levels of B-hydroxybutyrate were independently
associated with both adverse cardiovascular events and all-
cause death in patients receiving maintenance hemodialy-
sis.

Addition of B-hydroxybutyrate significantly improved prog-
nostic performance over the model based on an established
mortality risk prediction tool and N-terminal pro-B-type
natriuretic peptide.

What Are the Clinical Implications?

These data suggest that serum B-hydroxybutyrate levels
serve as a novel biomarker predicting both survival and
incidents of cardiovascular events in hemodialysis patients,
which could be utilized further risk stratification in this
population.

hypothesis, we performed a retrospective cohort study
patients receiving hemodialysis.

n

Methods
Study Population

The sample for this ancillary study was drawn from a
previously published prospective study designed to determine
the prognostic cardiac biomarkers in hemodialysis patients. '
Briefly, we enrolled 437 hemodialysis patients who consented
to the prospective study and had been on maintenance
dialysis treatment at Hidaka Hospital (Takasaki, Japan) for at
least 3 months between April 2013 and June 2013. Partic-
ipants were hemodynamically stable and hemodialysis was
performed 3 times weekly (3-5 h/day). Exclusion criteria
included active malignancy at enrollment (n=5). Serum BOHB
levels were not able to be measured in 27 subjects because of
insufficient blood sample volume, and thus 405 dialysis
patients were analyzed. The authors had full access to the
data and take responsibility for its integrity. The study
protocol was approved by the Institutional Medical Ethics
Committee of Hidaka Hospital (Takasaki, Japan) with waiver of
additional consent for this analysis.

Data Collection

We collected information about clinical and demographic
characteristics and clinical variables related to the delivery of
hemodialysis. A total of 12 predialysis blood pressures (BPs)
during the 4 weeks preceding enroliment were averaged.

Blood sampling was performed before a dialysis session after
an overnight fast. Samples were centrifuged and stored at
—80°C before assay. Serum BOHB levels were measured by a
commercially available calorimetric assay (BioAssay Systems,
Hayward, CA). Serum blood urea nitrogen, creatinine,
hemoglobin, calcium, phosphate, ferritin, albumin, and N-
terminal pro-B-type natriuretic peptide (NT-proBNP) were also
measured by routine automated laboratory procedures.
Malnutrition was assessed by the Geriatric Nutritional Risk
Index."" An established 2-year mortality risk score in a
hemodialysis cohort (the the second Analyzing Data, Recog-
nizing Excellence and Optimizing Outcomes cohort [ARQii]
risk score) was used for assessment of overall mortality
risk.'” This score is based on 13 clinical and laboratory
parameters (age, smoking status, body mass index, cardio-
vascular disease history, cancer history, chronic kidney
disease etiology, vascular assess, and blood flow rates, and
levels of hemoglobin, ferritin, C-reactive protein, serum
albumin, creatinine, and calcium).

We collected echocardiographic data from our database for
subanalyses. The following echocardiographic parameters were
used for analysis among patients who underwent echocardio-
graphic examinations within 6 months of the study: left
ventricular (LV) mass index (n=201); LV ejection fraction
(n=281); and the ratio of peak early diastolic mitral inflow
velocity to peak early diastolic mitral annular velocity (n=187).

Follow-up

All patients were followed to record outcomes. The primary
end point was major adverse cardiovascular events (MACE),
including cardiac deaths, nonfatal myocardial infarction,
nonfatal stroke, and hospitalization because of HF. The
secondary end point was all-cause death. Critical events were
classified based on strict definitions and were manually
collected from the medical records by a qualified cardiologist
(M.O.). Diagnosis of acute myocardial infarction was defined
as a cardiac event accompanied by ST-segment changes and
elevation of cardiac biomarkers of myocardial necrosis
(cardiac troponin). HF was defined as dyspnea and pulmonary
edema on chest X-ray requiring extra hemodialysis. Stroke
was diagnosed by either neurologists or neurosurgeons and
was confirmed by either magnetic resonance imaging or
computed tomography. Patients with transient ischemic
attacks or negative imaging findings were excluded. Sudden
cardiac death was defined as death attributed to cardiac
causes which occurred within the previous 1 hour. Unex-
pected deaths which happened during asleep were also
categorized as “sudden cardiac death” if deceased patients
were found by family members living with the patients. Other
unwitnessed deaths were recorded as “unknown.” Death was
classified as noncardiac if cardiovascular events were
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Table 1. Baseline Characteristics According to Quintile of Serum Levels of fOHB

Quintile of Serum Level of BOHB (umol/L)

Q1 (<89) 02 (89-162) Q3 (163-250) 04 (251-409) Q5 (>409) P Value
Subjects, n 82 80 82 80 81
Median BOHB, pmol/L 61 (44, 76) 123 (109, 136) 208 (181, 231) 301 (272, 385) 564 (484, 808) <0.001
Age, y 69+11 68+12 66+13 65+10 65+12 0.08
Male, n (%) 57 (70) 52 (65) 58 (71) 60 (75) 48 (59) 0.25
Body mass index, kg/m? 23.44+41 22.34+3.9 22.2+31 23.0+3.4 22.6+4.8 0.22
Hemodialysis data
Dialysis duration, y 4.4 (18,87 6.3 (2.7, 13.2) 6.7 (2.8, 12.4) 4.9 (2.1, 14.0) 6.8 (2.2, 14.4) 0.11
Causes of end-stage renal disease, %
Diabetes mellitus 39 (48) 36 (45) 34 (41) 41 (51) 39 (48) 0.81
Glomerulonephritis 26 (32) 25 (31) 29 (35) 23 (29) 33 (41)
Hypertension 6 (7) 5 (6) 4 (5 34 34
Cystic kidney disease 2 (2 5 (6) 4 (5) 23 2(2)
Other 9 (11) 9 (11) 11 (13) 11 (14) 4 (5)
Dry weight, kg 58.0+13.5 55.6+12.8 55.84+10.3 57.3+10.2 56.0+15.6 0.68
Predialysis weight, kg 61.1+:13.9 58.3+13.4 58.6+10.8 60.3+10.8 59.1+16.3 0.64
Predialysis SBP, mm Hg | 151420 150+18 15017 150+19 147419 0.68
Predialysis DBP, mm Hg | 73+13 75+14 76+10 77+10 73+12 0.28
GNRI 97+10 9448 9548 9549 94411 0.26
Comorbidities, n (%)
Diabetes mellitus 38 (46) 39 (49 38 (46) 40 (50) 38 (47 0.99
Hypertension 70 (85) 70 (88) 71 (87) 72 (90) 63 (78) 0.24
Current or ex-smoker 38 (46) 38 (48) 43 (52) 50 (63) 36 (44) 0.15
Coronary artery disease 19 (23) 11 (14) 6 (7) 14 (18) 20 (25) 0.02
Atrial fibrillation 8 (10) 9 (11) 8 (10) 9 (11) 20 (25) 0.02
HF hospitalization 6 (7) 23 2(2) 4 (5) 8 (10) 0.17
Medications, n (%)
Antiplatelets 35 (43) 30 (38) 25 (30) 33 (41) 41 (51) 0.12
ACEI or ARB 50 (61) 52 (65) 46 (56) 49 (61) 46 (57) 0.78
Beta-blocker 30 (37) 21 (26) 18 (22) 23 (29) 31 (38) 0.12
Calcium-channel blocker | 48 (59) 42 (53) 40 (49) 45 (56) 41 (51) 0.72
Loop diuretic 23 (28) 8 (10) 17 (1) 22 (28) 15 (19) 0.03
25-hydroxy vitamin D 24 (29) 34 (43) 36 (44) 33 (41) 27 (33) 0.23
Phosphate binders 55 (67) 62 (78) 62 (76) 61 (76) 60 (74) 0.58
Laboratories
Serum creatinine, mg/dL | 9.6+3.2 10.24+2.8 10.34+3.1 10.3+2.6 9.943.1 0.57
BUN, mg/dL 60+15 61+14 59+14 60+14 62+17 0.71
Calcium, mg/dL 8.6+0.7 8.4+0.7 8.6+0.7 8.5+0.8 8.6+0.9 0.74
Phosphate, mg/dL 5.0+1.4 51+1.2 5.241.2 51+1.2 514+1.2 0.93
Albumin, g/dL 3.7+0.3 3.6+0.3 3.7+0.3 3.6+0.4 3.6+0.3 0.31
LDL-cholesterol, mg/dL 83425 82424 80426 78425 84425 0.65
HDL-cholesterol, mg/dL 39411 43+13 42412 42412 40413 0.23
Continued
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Quintile of Serum Level of BOHB (umol/L)

Q1 (<89) Q2 (89-162) Q3 (163-250) Q4 (251-409) Q5 (>409) P Value
Triglyceride, mg/dL 95 (66, 143) 80 (60, 105) 89 (61, 124) 97 (57, 141) 99 (69, 146) 0.06
Glucose, mg/dL 12940 141+49 132+44 144446 143+54 0.16
Hemoglobin, g/dL 11.0+1.1 10.5+0.8 10.8+1.0 11.0+1.0 11.0+0.9 0.02
Ferritin, ng/mL 40 (17, 63) 42 (22, 81) 37 (16, 66) 39 (22, 84) 39 (22, 77) 0.50
C-reactive protein, mg/dL | 0.07 (0, 0.26) 0.14 (0.02, 0.3) 0.11 (0, 0.21) 0.10 (0, 0.38) 0.13 (0.06, 0.35) 0.12
NT-proBNP, pg/mL 3090 (1445, 8463) | 3780 (2425, 7400) | 3660 (1988, 7488) | 4095 (1718, 8368) | 4540 (2210, 13 550) | 0.27
ARQii risk score 4.0 (2.8, 7.0) 5.0 (3.0, 8.0) 3.5 (1.0, 6.0) 4.0 (2.0, 7.0) 4.0 (2.0, 7.0) 0.20

Echocardiography

LV mass index, g/m? 118+37 106+30 10327 115435 109+33 0.22
LV ejection fraction, % 6549 62413 64+7 62412 61415 0.20
E/e’ ratio 13 (10, 16) 13 (10, 17) 13 (9, 17) 11 (10, 16) 13 (9, 19) 0.96

Data are mean+SD, median (interquartile range), or n (%). Final column reflects overall group differences. ACEI indicates angiotensin-converting enzyme inhibitors; ARB, angiotensin
receptor blockers; ARQii risk score, the second Analyzing Data, Recognizing Excellence and Optimizing Outcomes cohort score; BUN, blood urea nitrogen; DBP, diastolic blood pressure; E/
€' ratio, the ratio of peak early diastolic mitral inflow velocity to peak early diastolic mitral annular velocity; GNRI, Geriatric Nutritional Risk Index; HDL, high-density lipoprotein; HF, heart
failure; LDL, low-density lipoprotein; LV, left ventricular; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SBP, systolic blood pressure; BOHB, B-hydroxybutyrate.

excluded as causes of death. Patients were censored on the
day that they had the last dialysis visit if they left the dialysis
unit because of relocation.

Statistical Analysis

All continuous variables are presented as mean+SD or
median (interquartile range). Comparisons between groups
were performed using a chi-square, ANOVA, or Kruskal-Wallis
tests, as appropriate. Correlations were assessed by Pear-
son’s correlation, where non-normally distributed variables
were log-transformed. Kaplan—Meier curves were created
based on quintiles of BOHB. Univariable and multivariable Cox
proportional hazards models were used to assess the
prognostic value of BOHB, where BOHB was used as a
categorical variable with patients in the lowest quintile as the
reference category. Variables put into multivariable models
were selected based on the associations in the univariable
models and previous studies.'? The proportional hazards
assumption, assessed by the goodness-of-fit approach for
each independent variable,13 was not violated. The incremen-
tal value for the prediction of outcomes was evaluated by
sequential Cox proportional hazard analysis using nested
models. The first step consisted of ARQOii score and then NT-
proBNP, and BOHB quintiles were included in the next steps.
The change in overall —2 log likelihood ratios of the models
was used to assess the increase in predictive power after
adding a subsequent parameter. Sensitivity analyses, using
our secondary end point (all-cause death), were performed to
confirm the robustness of the findings from our primary end
point, as well as to elucidate whether these associations are

specific to cardiovascular outcomes alone. Two-sided P<0.05
was accepted as indicating statistical significance. All data
were statistically analyzed using JMP software (version 10.0.0;
SAS Institute Inc, Cary, NC).

Results

Clinical Characteristics

Overall, the mean age was 66112 years and the median
dialysis duration was 5.9 (interquartile range, 2.4, 12.2) years.
Participants were predominantly male (68%) and 47% had
diabetic nephropathy. The hemodialysis patients had elevated
BOHB levels (median, 207 [108-351] umol/L) compared with
normal controls in a previous study.'* Clinical characteristics
of the study population according to quintile of BOHB levels
are shown in Table 1. Age, sex, body mass index, dialysis
duration, cause of ESRD, dry weight, predialysis BPs, and
Geriatric Nutritional Risk Index were similar among the
groups. Atrial fibrillation was more common in the highest
BOHB quintile whereas coronary artery disease was less
frequent in quintile 3. Patients in quintile 2 were less likely to
receive diuretics therapy. Laboratory data were similar across
all groups, including albumin and NT-proBNP levels. The AROQii
risk score and echocardiographic parameters did not differ
among all groups. Interestingly, POHB was not associated
with nutrition status parameters, including dry weight
(=—0.03; P=0.52), body mass index (=—0.05; P=0.27),
albumin (=—0.04; P=0.40), Geriatric Nutritional Risk Index
(=—0.07; P=0.17), hemoglobin (=0.05; P=0.27), glucose
(=0.08; P=0.12), triglyceride (=-—0.01; P=0.88), or total-
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Table 2. Incidence Rates and Hazard Ratios for MACE According to Quintile of Serum Levels of BOHB

Quintile of Serum Level of BOHB (umol/L)
Q1 (<89) 02 (89-162) Q3 (163-250) Q4 (251-409) Q5 (>409)
Subjects, n 82 80 82 80 81
Events, n (%) 33.7) 8 (10.0) 11 (13.4) 13 (16.3) 19 (23.5)
Incidence rate (per 1000 person-years) 111 304 42.0 49.7 80.1
Models
1: Unadjusted 1 [Ref] 2.77 (0.80-12.7) | 3.79 (1.18-16.7)* | 4.67 (1.51-20.4)* | 7.42 (2.53-31.6)*
2: Age+sex 1 [Ref] 2.77 (0.80-12.7) | 4.25 (1.32-18.8)* | 5.62 (1.80-24.6)* | 9.80 (3.286-42.1)*
3: Age-+sex-+predialysis SBP 1 [Ref] 2.80 (0.81-12.8) | 4.32 (1.34-19.1)* | 5.79 (1.85-25.4)* | 10.5 (3.52-45.5)
4: Age+sex+predialysis SBP-+albumin+NT-proBNP | 1 [Ref] 257 (0.74-11.7) | 4.34 (1.35-19.2 | 4.58 (1.43-20.3)* | 9.64 (3.19-41.7)*
5: Age+sex-+predialysis SBP-+CAD+AF 1 [Ref] 3.37 (0.96-15.5) | 5.61 (1.71-25.2 | 6.49 (2.06-28.6)* | 10.2 (3.35-44.0)*

Values are hazard ratios (95% confidence interval). AF indicates atrial fibrillation; CAD, coronary artery disease; MACE, major adverse cardiovascular events; Ref, reference group; BOHB, -

hydroxybutyrate.
*P<0.05 vs Q1 (ref).

cholesterol (=—0.04; P=0.39). There were no correlations or
very weak correlations between BOHB and each of the other
prognostic  hemodialysis-related and echocardiographic
parameters: AROii risk score (r=—0.05; P=0.32); C-reactive
protein (=0.11; P=0.07); ratio of peak early diastolic mitral
inflow velocity to peak early diastolic mitral annular velocity
(r=0.01; P=0.87); LV mass index (=—0.01; P=0.90); systolic
BP (=—0.05; P=0.31); dialysis duration (=0.11; P=0.03); NT-
proBNP (=0.12; P=0.02); and LV ejection fraction (=—0.14;
P=0.02). When dividing the patients into 2 groups with and
without cardiovascular diseases at enrollment (history of HF
hospitalization, ischemic heart disease, and atrial fibrilla-
tion),'? circulating POHB levels were similar between the
groups (n=82, 250 [82, 467] umol /L versus n=323, 200 [115,
317] umol/L; P=0.39).

1.0 -
L Q1
_ 09 7 Y — Q2
g P
S Q4
2 08 4
(]
£ Qs
W 0.7 4 —— Q1:<89umoliL
2 — Q2: 89-162umol/L
=
06 -
— Q4: 251-409umal/L Log-rank p=0.003
— Q5: >409umol/L
0.5 T T T
0 1 2 3
Follow-up time, years

Figure 1. Kaplan-Meier survival curves for major cardiovascular
adverse events stratified by quintiles of B-hydroxybutyrate. MACE
indicates major cardiovascular adverse events.

Association Between POHB and MACE

During a mean follow-up of 3.2+0.9 years, there were 54
MACE, including 21 cardiovascular deaths, 3 nonfatal
myocardial infarctions, 13 HF hospitalizations, and 17
strokes. MACE rates monotonically increased from 11.1 per
1000 person-years in the lowest BOHB quintile to 80.1 per
1000 person-years in the highest quintile (Table 2). Kaplan—
Meier analysis showed a dose-dependent worsening of MACE-
free survival among BOHB quintiles (Figure 1). In an unad-
justed Cox model, patients in the highest BOHB quintile (Q5)
had 7-fold increased risk of adverse outcomes compared with
those in the lowest quintile (Q1; hazard ratio [HR], 7.42; 95%
confidence interval [Cl; 2.53-31.6]; P<0.001; Table 2). After
adjusting for age, sex, and predialysis systolic BP, risk
estimates for MACE associated with BOHB quintiles remained
significant and were substantially increased (Q5 versus Q1;
HR, 10.5; 95% CI [3.52-45.5]; P<0.001). After further
adjustment for albumin and NT-proBNP levels, the association
remained significant. Even after adjusting for coronary artery
disease and atrial fibrillation, point estimates found little
attenuation (Q5 versus Q1; HR, 10.2; 95% Cl [3.35-44.0];
P<0.001). In a subgroup of patients with echocardiography,
BOHB quintile remained significant after adjustment for age,
sex, and any of LV mass index, LV ejection fraction, or ratio of
peak early diastolic mitral inflow velocity to peak early
diastolic mitral annular velocity (adjusted P values for fOHB
quintile were 0.004, 0.002, or 0.03, respectively).

A single-unit increase in the established risk score (AROii
score) was associated with increased risk of MACE (HR, 1.15;
95% Cl [1.07—-1.23]; P<0.001), but its prognostic significance
was modest (c-statistics, 0.650; Figure 2). Addition of NT-
proBNP levels significantly improved the model based on the
AROii score (chi square, 21.7 versus 14.6; P=0.007; c-
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p<0.001
50 e |
2
g =0.007
o p=0.
®
‘= AROQii score
[%] +
© NT-proBNP
'g AROii score B
] + BOHB
ARQii score NT-proBNP
Variables HR (95% CI) HR (95% CI) HR (95% CI)
C-statistics 0.650 0.659 0.713
AROii score 1.15 (1.07-1.23) 1.12 (1.04-1.20) 1.15 (1.07-1.25)
p<0.001 p=0.004 p<0.001
Ln NT-proBNP 1.39 (1.10-1.77) 1.31(1.03-1.66)
p=0.007 p=0.03
BOHB quintile 1.56 (1.27-1.93)
p<0.001

Figure 2. Incremental value of B-hydroxybutyrate for prediction
of major cardiovascular adverse events. ARQii score indicates the
second Analyzing Data, Recognizing Excellence and Optimizing
Outcomes cohort score; Cl, confidence interval; HR, hazard ratio;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; BOHB, B-
hydroxybutyrate. For details, see the text.

statistics, 0.659). Further incremental prognostic value was
observed by adding BOHB quintile to the model based on the
ARQii score and NT-proBNP (chi square, 39.9 versus 21.7;
P<0.001; c-statistics, 0.713).

Sensitivity Analysis (All-Cause Death)

We next evaluated the association between BOHB levels and
the secondary end point (all-cause death). There were 67 all-
cause deaths. Mortality rates were at the lowest (22.3 per

1000 person-years) in the lowest BOHB quintile (Q1) and at
the highest (96.9 per 1000 person-years) in the highest
quintile (Q5; Table 3). Kaplan—Meier analysis revealed early
separation of the survival curves within the first few months
between the highest BOHB quintile and the others (Figure 3).
In contrast to the result in the primary end point, the
association was not dose dependent across the range of
BOHB quintiles. In an unadjusted model, subjects with the
highest BOHB quintile had 4-fold increased risk of death
compared with those in the lowest quintile (Q1; HR, 4.32; 95%
Cl, [1.88—11.7]; P<0.001; Table 3). After adjusting for age,
sex, and diabetic nephropathy, the association between POHB
and mortality remained significant. Even after adjustment for
either predialysis systolic BP, albumin, and NT-proBNP (model
4), or predialysis systolic BP, presence of coronary artery
disease, and atrial fibrillation (model 5), the inferences
remained unchanged. In a subgroup of patients with echocar-
diographic data, BOHB quintile remained significant after
adjustment for age, sex, predialysis systolic BP, and any of LV
mass index, LV ejection fraction, or ratio of peak early
diastolic mitral inflow velocity to peak early diastolic mitral
annular velocity (adjusted P values for BOHB quintile were
0.004, 0.002, or 0.002, respectively).

Consistent with results in the primary outcome, the AROii
score was associated with mortality (HR, 1.25; 95% CI [1.17—
1.33]; P<0.001; c-statistics, 0.730; Figure 4). Adding NT-
proBNP levels significantly increased the chi-square value
based on the AROii score (chi square, 57.1 versus 48.7;
P=0.002; c-statistics, 0.747). Addition of PBOHB quintile
further improved the model based on the AROQii score and
NT-proBNP (chi square, 68.8 versus 57.1; P<0.001; c-
statistics, 0.740).

Table 3. Incidence Rates and Hazard Ratios for All-Cause Deaths According to Quintile of Serum Levels of BOHB

Quintile of Serum Level of BOHB (umol/L)
Qi (<89) 02 (89-162) Q3 (163-250) Q4 (251-409) 05 (>409)
Subjects, n 82 80 82 80 81
Events, n (%) 6 (7.3) 14 (17.5) 14 (17.1) 10 (12.5) 23 (28.4)
Incidence rate (per 1000 person-years) 22.3 53.1 53.4 38.2 96.9
Models
1: Unadjusted 1 [Ref] 2.38 (0.95-6.72) 2.38 (0.95-6.72) 1.71 (0.64-5.03) 4.32 (1.88-11.7)*
2: Age+sex 1 [Ref] 2.33 (0.94-6.59) 2.75 (1.10-7.78)* 2.14 (0.79-6.32) 5.58 (2.40-15.2)
3: Agetsex-+predialysis SBP 1 [Ref] 2.35 (0.94-6.63) 2.78 (1.11-7.87)* 2.11 (0.78-6.24) 5.39 (2.31-14.7)*
4: Age+sex-+predialysis SBP+albumin+NT-proBNP 1 [Ref] 2.16 (0.87-6.11) 2.83 (1.13-8.04) 1.39 (0.48-4.33) 5.19 (2.20-14.3)*
5: Age+sex-+predialysis SBP+CAD-+AF 1 [Ref] 2.41 (0.96-6.80) 2.92 (1.16-8.34)" 2.10 (0.77-6.21) 4.92 (2.08-13.5)

Values are hazard ratios (95% confidence interval). AF indicates atrial fibrillation; CAD, coronary artery disease; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SBP, systolic blood

pressure; BOHB, B-hydroxybutyrate.
*P<0.05 vs Q1 (ref).
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Figure 3. Kaplan—Meier survival curves for all-cause death
stratified by quintiles of B-hydroxybutyrate.

Discussion

In this study, we demonstrated a significant and independent
association of circulating levels of POHB with adverse
cardiovascular events in the prevalent hemodialysis patients.
To our knowledge, this is the first study that evaluates
circulating POHB in a cohort of routine hemodialysis
patients. A robust association was observed between BOHB
and cardiovascular events after adjustment for many
covariates, including age, sex, predialysis systolic BP,
albumin, and NT-proBNP levels. Of importance, BOHB

p<0.001
80 e
= 68.8
8 704 p=0.002 .
3 | —
g
{ o
'.E o AROIi score
= 50 48.7 *
B AROii score NT-proBNP
[=]} + *
O - - OHB
o 40 AROii score NT-proBNP B
30 -
Variables HR (95% CI) HR (95% CI) HR (95% CI)
C-statistics 0.730 0.747 0.740
AROii score 1.25 (1.17-1.33) 1.22 (1.14-1.30) 1.25(1.16-1.34)
p<0.001 p<0.004 p<0.001
Ln NT-proBNP 1.39 (1.13-1.71) 1.32 (1.07-1.62)
p=0.002 p=0.008
BOHB quintile 1.38 (1.15-1.64)
p<0.001

Figure 4. Incremental value of B-hydroxybutyrate for prediction
of all-cause death. AROQii score indicates the second Analyzing
Data, Recognizing Excellence and Optimizing Outcomes cohort
score; Cl, confidence interval; HR, hazard ratio; NT-proBNP, N-
terminal pro-B-type natriuretic peptide; BOHB, B-hydroxybutyrate.
For details, see the text.

significantly improved prognostic performance beyond an
established mortality risk prediction tool, AORii, and further
improved prognostic power over AORii plus NT-proBNP—
based score (C-statistics, 0.740; P<0.001). Moreover, our
sensitivity analyses using all-cause death underpin the
relationship between ketone body level and prognosis.
These results suggest that serum BOHB levels could serve
as a novel biomarker predicting both survival and incidents
of cardiovascular events in patients with hemodialysis.

Possible Mechanisms Underlying the Association
of Increased Serum POHB and MACE

The specific role of BOHB in the development of cardiovas-
cular outcome in ESRD remains unknown at present. One of
the potential mechanistic links between BOHB and cardio-
vascular events may be relevant to the mechanisms that
increase POHB production, rather than to the direct effects
of BOHB on the cardiovascular system. Ketogenesis occurs
primarily in the liver using free fatty acids as precursors that
arise from lipolysis of triacylglycerol in adipose tissue.'® The
fatty acid oxidation product, acetyl-CoA, is the major
substrate for ketogenesis, and the rate of ketogenesis is
proportional to total fatty acid oxidation rate.” In addition,
there is a consistent evidence of increased serum levels of
ketone bodies and free fatty acids in correlation to the
severity of HF in humans.®'® Given the systemic increase in
sympathetic tone in the patients with HF and the evidence
for an apparent increase in SNS activation as well as lipolysis
in chronic kidney disease,'”'® we propose that an increase
in SNS tone may play a central role as the mechanism
responsible for increased POHB levels in hemodialysis
patients with future cardiovascular events. However, it
should be noted that ~20% of patients in the present study
had apparent cardiovascular diseases at enrollment (history
of HF hospitalization, ischemic heart disease, and atrial
fibrillation), and no clear relationship was observed between
BOHB and history of HF. Accordingly, SNS overdrive
attributed to HF at baseline may not fully account for the
increased BOHB levels in the patients with hemodialysis who
ultimately suffer cardiovascular events and all-cause mortal-
ity. Further studies should be warranted to evaluate the
ability of BOHB to assess the magnitude of generalized SNS
activation.

Inflammation may also induce an additional non-neuronal
source of catecholamines, '’ although there was no significant
association between BOHB and C-reactive protein in our
study. Malnutrition may be another possible mechanism to
explain the association between increased ketone bodies and
adverse outcomes. Although our statistical analysis could not
identify a significant association among BOHB levels and
nutritional parameters, such as albumin and Geriatric
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Nutritional Risk Index, the possibility of malnutrition as a
causative role in increased POHB levels cannot be excluded.
Furthermore, insulin resistance, which commonly exists in
chronic kidney disease patients, in conjunction with an
increase in glucagon, may also contribute to increased
ketogenesis. However, the absence of the association
between elevation of ketone bodies and diabetes mellitus in
our study suggests that insulin resistance may not signifi-
cantly contribute to the significant link between high BOHB
levels and MACE.

Ketone Body: A Friend or Foe in the
Cardiovascular System

The strong prognostic potential of BOHB may reflect its role in
the pathophysiology of cardiovascular disease. Ketone bodies
have long been known as a better fuel than glucose or fatty
acids because of their capability of providing more cellular
energy per unit of oxygen consumed.?®?" Recent studies in
human and animal models provide clear evidence indicating
that myocardial ketone body utilization is increased by an
induction of the gene expression responsible for this pathway
whereas the fatty acid oxidation pathway is disrupted in HF.%?
The data from animal models in which ketone oxidation is
defective suggest that the ability of the heart to increase
ketone body utilization is protective against HF. Schugar et al
described that cardiomyocyte-specific deletion of the rate-
limiting enzyme, succinyl-CoA:3-oxoacidic-CoA transferase,
encoded by the nuclear OXCT7 gene, that catalyzes the
ketone body flux is detrimental when the heart is subjected to
pressure overload in succinyl-CoA:3-oxoacidic-CoA trans-
ferase—deficient mice.?? In that study, reactive oxygen
species production was increased in succinyl-CoA:3-oxoaci-
dic-CoA transferase knockout mice.

Besides the role as an alternative fuel for the extrahepatic
organs, emerging evidence indicates that ketone bodies,
particularly BOHB, possess a variety of capabilities, including
inhibition of the activity of histone deacetylases, activation of
particular G-protein-coupled receptors, anti-inflammatory
activity, and antioxidative stress activity.” Cumulatively, these
data suggest the importance of appropriate ketonemia and a
shift from fatty acid oxidization to ketone oxidation in the
heart as a metabolic adaptation. Further studies to prove this
assumption should be warranted.

Study Limitations

Our study has several limitations. This study was an
exploratory analysis of a single-center, retrospective, obser-
vational study and, as such, has inherent flaws relating to
selection bias, spurious observations, and unmeasured
covariates. Blood samples were obtained after overnight

fasting, so circulating levels of ketone bodies would be slightly
increased during this time period. Myocardial ketone levels
were not assessed. Not all patients underwent echocardio-
graphic examination. Nevertheless, this is the first study to
determine the association between circulating POHB levels
and adverse cardiovascular outcomes in hemodialysis
patients.

Conclusions

In the present study, we demonstrate a strong association
between higher circulating BOHB levels and cardiovascular
events after adjustment for a variety of traditional prognostic
factors, including laboratory and echocardiographic parame-
ters, in the patients with prevalent hemodialysis. This study
highlights the prognostic importance of the metabolic pertur-
bation that induces ketogenesis in patients with hemodialysis.
Future studies to determine the mechanisms underlying the
association between PBOHB and increased cardiovascular
morbidity and mortality will contribute to the development
of efficient preventive strategies in these patients.
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