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Abstract

Ketone production is a physiological phenomenon that occurs to avoid irre-
versible neurological damage from hypoglycemia, thereby serving as a marker
of metabolic stress. The primary ketone body, beta-hydroxybutyrate (BHB),
guides the diagnostic evaluation and management of many hypoglycemic dis-
orders. Serum and point-of-care (POC) BHB values were not been compared in
children without diabetes or metabolic disorders. We aim at comparing the
serum and point-of-care BHB values in healthy children after an overnight
fast. Eligible participants were <18 years of age prospectively recruited from
elective procedures through our surgery centers. Exclusion criteria included a
history of diabetes, hypopituitarism, adrenal, metabolic or inflammatory disor-
ders, dietary restrictions, trauma, or use of medications that might affect blood
glucose. The main outcome measure was comparing serum and POC BHB
levels after a period of fasting. Data from 94 participants (mean age 8.29
+ 5.68 years, 54.3% male, 45.7% female, BMI mean 19.28 + 5.25 kg/mz) were
analyzed. There was a strong correlation between serum BHB (mean
0.25 + 0.23 mmol/L) and POC BHB (mean 0.18 + 0.20 mmol/L) (rs = 0.803,
p < 0.0001). The majority (96.81%) of values for serum BHB compared with
POC BHB fell within 0.1 + 0.1 mmol/L. The average of difference between
serum and POC BHB (the bias) was 0.064 mmol/L (95% CI 0.047-0.081), and
percentage error was 3.19%. Point-of-care BHB is accurate and comparable to
serum BHB levels in our cohort of children after an overnight fast.

Synopsis
Point-of-care BHB agrees with serum values in healthy children.
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1 | BACKGROUND

Ketone production is a physiological phenomenon that
occurs as a result of fatty acid oxidation. Ketones build up
from the accumulation of acetyl CoA, and they are a criti-
cal physiologic energy source. They can serve as an alter-
native energy source to the brain in the setting of
hypoglycemia, thereby preventing neurologic damage and
seizures." The measurement of ketones is standard of care
in the management of patients with diabetes, but use in
other disorders of carbohydrate metabolism has been
more limited. There are several critical differences
between urine and blood ketones. Ketone bodies consist of
acetone, acetoacetate, and beta-hydroxybutyrate (BHB).
Acetoacetate is the primary ketone excreted in urine,
whereas BHB is the primary type of ketone body in blood
in both physiologic and pathologic states.” During patho-
logic states, acidosis results in shunting of acetoacetate to
BHB, and urine ketone measurements may underrepresent
the state of ketosis due to the dilution effect and reflection
of ketosis from the past. The detection and measurement
of ketone levels is helpful during the evaluation and man-
agement of hypoglycemia.>*

Different modes of testing for BHB are available
including laboratory-based serum evaluation, which is
considered the gold standard, and commercially available
point-of-care testing (POCT). Comparison studies of these
modalities in animals>® and in humans with diabetes’ are
available, which show that they are comparable. However,
comparison studies in pediatrics patients without diabetes
do not exist. The increasing accuracy and availability of
POCT BHB monitoring has the possibility to become a
central part of the diagnostic process in evaluating chil-
dren with potential hypoglycemic disorders, as well as the
ability to titrate their therapy to achieve control within the
normal range. Therefore, the method comparison of POCT
BHB against modern serum measurements is essential to
determine accuracy and reliability. Our aim is to compare
the commercially available POCT BHB and serum BHB
values in children without known endocrine or metabolic
disorder after an overnight fast.

2 | MATERIALS AND METHODS

2.1 | Patient selection

The Institutional Review Board (IRB) of Connecticut Chil-
dren's Medical Center approved this study. One hundred
participants were recruited who were scheduled to
undergo elective surgeries at Connecticut Children's main
campus and ambulatory surgical centers from July 1, 2020

until November 31, 2020, in cooperation with the surgical
departments of otolaryngology, orthopedics, urology, and
general surgery. Inclusion and exclusion criteria were
defined. Children of <18 years of age undergoing elective
surgeries per standard operating protocol (tonsillectomy
and/or adenoidectomy, circumcision [new or revision],
meatotomy, hernia repair, hydrocele repair, varicocele
repair, orchiopexy, hypospadias repair, nonacute orthope-
dic surgeries) who required peripheral intravenous
(IV) line placement were eligible. Ability and willingness
to provide written informed consent from a legal guardian
were necessary for study participation. Assent of a partici-
pant was sought, when appropriate, based on age and cog-
nitive status. Children with serious medical and/or
surgical conditions with comorbidities, diabetes, metabolic
or mitochondrial disorders, adrenal gland disorders,
suspected or diagnosed hypopituitarism, emergency sur-
geries, a history of enteral or parenteral steroid use in the
previous 30 days, and dietary restrictions, or those on spe-
cialized diets (e.g., ketogenic diet) and those who drank
any carbohydrate-containing liquid on the day of surgery
were excluded from participation.

2.2 | Study protocol

Our team obtained IRB approval to contact the legal
guardian(s) of potential eligible participants over the
phone prior to surgery, and they were provided with a
brief description of the study to determine their willing-
ness to participate. Interested participants and their legal
guardian(s) met the investigator in the preoperative area
where informed written consent was obtained. At the
time of IV placement (before intravenous fluid adminis-
tration), 3-4 ml of whole blood was collected. Point-of-
care testing (POCT) BHB was performed immediately
(0.5 ml of unclotted whole blood at room temperature).
The blood was collected in a gold-top serum separator
tube. To allow for clot formation, the samples were kept
upright for 30 min at room temperature prior to centrifu-
gation for 15 min at 3000 RPM (equivalent to 1008 RCF).
Once centrifuged, serum was transported at room tem-
perature within 12 hr and processed within 24 hr of the
blood collection at the University of Connecticut Health
Center, Department of Laboratory and Pathology Medi-
cine. In addition to the sample of whole blood, partici-
pant demographic information was collected, including
age, procedure performed, current medical diagnosis,
date and time of last food/drink ingested, medication his-
tory, anthropometrics (height (cm), weight (kg), BMI
(mg/m?) and), and BMI standardized for age (z-score))
and date and time of blood draw.
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POCT BHB measurements were performed using a
precision Xtra meter (Abbott Pharmaceuticals), which
displays BHB concentrations to a tenth of a unit in
mmol/L, with a reported assay range of 0 to more than
8 mmol/L. It uses an enzymatic measurement with
hydroxybutyrate dehydrogenase (HBDH). The precision
Xtra meter was calibrated with Abbott MediSense Glu-
cose and ketone control solutions as per the manufac-
turer's instructions. Serum BHB was measured by an
Abbott Architect Chemistry System using the same
method of enzymatic measurement with BHB dehydroge-
nase at a CLIA-certified laboratory. Serum glucose was
measured by spectrophotometry. The coefficient of varia-
tion (COV) obtained for the laboratory method for serum
BHB is 0.99 and for the precision Xtra ketone meter
is 0.96.%

2.3 | Statistical analysis

Baseline characteristics and primary outcomes were
analyzed using mean (xSD) and/or median (IQR).
Spearman rank correlation was used for correlation
analysis. A p-value of less than 0.05 was considered sta-
tistically significant. The one-sample Kolmogorov-
Smirnov test and Bland-Altman plot analysis were used
to assess whether the difference in the two methods of
measurement was large enough to be systematic and
whether there was agreement through the different
levels of measurement. Maximum accepted difference
was defined ahead of time as 0.2 between POCT and
serum BHB (based on varying factors of clinical, biologi-
cal, and other considerations). In order to ensure suffi-
cient power of 90% for testing the reliability of the two
methods of interest used to measure all the participants,
two sets of sample sizes were calculated. For 90% power,
an estimated mean difference of 0.1 + 0.039 mmol/L
and a max allowed difference of 0.2 mmol/L would
require a minimum of 92 paired samples for Bland-
Altman plot analysis.

3 | RESULTS

3.1 | Participant characteristics

One hundred participants were recruited for our study,
of whom six were excluded from analysis (four did not
meet the criteria, and two paired data of serum and
POCT BHB were not available). Samples of 94 partici-
pants were analyzed (see Table 1 for baseline character-
istics of the participants). The age of the participants
ranged from 6 months to 18.7 years with a median
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TABLE 1 Baseline characteristics of study participants
N =94 (%) Mean + SD

Age (years) 83+ 57
BMI (kg/m?) 19.3 + 5.2
Standardized BMI (z-score) 0.50+1.1
Duration of fast (hours) 12.5 + 2.4
Sex

Male 51 (54.3)

Female 43 (45.7)
Type of procedure

Otolaryngology 43 (46)

Orthopedic 20 (21)

Urology 16 (17)

General surgery 15 (16)
Race

White 60 (64)

African American 13 (13)

Asian 44

Native Hawaiian or PI 1(1)

Other 10 (10)

Refused 5(5)

Unknown 1(1)
Ethnicity

Non-Hispanic 74 (79)

Hispanic 16 (17)

Refused 3(3)

Unknown 1(1)

TABLE 2 Primary outcome of study participants

Variable (unit) Mean + SD Median (IQR)

Serum beta-hydroxybutyrate ~ 0.25+ 0.23  0.15 (0.10-0.40)
(BHB) (mmol/L)

POCT BHB (mmol/L) 0.18 +0.20  0.10 (0.10-0.20)

Serum glucose (mg/dl) 90 + 9.5 89 (83-95)

(IQR) of 5.9 (3.6-13.6) years. Fifty percent (47/94) of
patients received medication (n = 26 acetaminophen,
n = 8 supplements, n = 3 epilepsy medication, n = 3
allergy medication, n = 2 psychiatric medications, n = 2
antacids, n = 1 for antibiotic, stimulant, and anti-
inflammatory nonsteroid medication). Serum BHB
ranged from 0 to 1.2 mmol/L, whereas POCT BHB
ranged from 0 to 1.1 mmol/L. Serum glucose ranged
from 70 to 121 mg/dl. The rest of primary outcomes are
listed in Table 2.
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FIGURE 1

3.2 | Comparison of POCT BHB and
serum BHB

Correlation between serum BHB (mean 0.25 + 0.23 mmol/
L) and POCT BHB (mean 0.18 + 0.20 mmol/L) was strong
(rs = .803, p < 0.0001), indicating a strong positive relation-
ship (Figure S1) using the Spearman's rank test, but this
alone does not necessarily depict agreement between two
methods. The one-sample Kolmogorov-Smirnov test indi-
cated that the difference between serum BHB and
POCT BHB measurement was not normally distributed
(p <0.0001). When we visualize this difference using
Bland-Altman plot analysis (Figure 1), 96.81% of the values
(91/94) fell within the hypothesized (blue dotted lines) mar-
gins of the mean difference of 0.1 + 0.1 mmol/L. The
average of difference between serum and POCT BHB
(the bias) was 0.064 mmol/L (95% CI 0.047-0.081),
which suggests on average serum BHB measured 0.064
(#0.083) points higher than POCT BHB, which was non-
zero. In addition, the majority of the values were on the
upper side of the zero line (positive difference between
serum and POCT BHB). We have incorporated limits of
maximum acceptable difference (0.2 mmol/L), based on
whether the values fell within 95% CI of the upper and
lower limits (represented by green dotted lines). In our
study, the percentage error was 3.19%; 3/94 fall outside
the upper limit of 0.25 difference (more precisely, three
samples with a sampling difference of 0.3).

Bland-Altman plot analysis for method comparison between serum BHB and point-of-care testing (POCT) BHB

4 | DISCUSSION

Ketone formation during periods of stress or counter-
regulation is a normal phenomenon, but it is critical to
be able to accurately measure ketone concentrations
to distinguish between physiologic and pathologic condi-
tions. Measurement of urine ketones is limited by being
qualitative, and pathologic ketosis is predominantly due
to elevated BHB, which can be missed on present-day
urine testing. Prior studies on the portable ketone meter
have focused on pathologic concentrations in the diabetes
population with a focus on the higher concentrations. In
the present study, ketone concentrations were measured
in a cohort of healthy children without diabetes or other
known endocrine or metabolic disorders after an over-
night fast. The portable meter was found to have out-
standing accuracy and precision in the concentrations
more likely seen in nondiabetes disorders of carbohydrate
metabolism.

In the context of illness, young children may develop
both hypoglycemia and elevated ketone levels (ketotic
hypoglycemia). Ketotic hypoglycemia can also be a defin-
ing feature of hypoglycemia seen in hormonal deficien-
cies (cortisol, growth hormone) and some metabolic
disorders, including glycogen storage disease (GSD). In
the absence of known metabolic or endocrine abnormali-
ties, young children are given a diagnosis of idiopathic
ketotic hypoglycemia. Ketones without associated
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hypoglycemia (euglycemic ketonemia) have been demon-
strated in metabolic disorders, including hepatic GSDs,
and may identify underlying metabolic stress prior to the
onset of hypoglycemia.”'® Quantitative ketone measure-
ments are useful in some metabolic disorders like GSD
IV and IX, where monitoring may guide the manage-
ment." It is also useful in differentiating disorders of glu-
cose metabolism and other inborn errors of metabolism,
such as disorders of fatty acid oxidation defects, ketone
utilization disorders, and other metabolic disorders.'**?

Diagnostic fasting studies that are often performed
over 8-72 hr in order to assess both the ability to main-
tain euglycemia, as well as the metabolic responses to
hypoglycemia, are the gold standard for the evaluation of
hypoglycemic disorders. Fasting studies are labor-inten-
sive, expensive, and complex, and require that patients be
hospitalized. Yet, fasting studies are frequently essential
to identifying the diagnosis, which they do, in part, by
differentiating between ketotic and hypo-ketotic hypogly-
cemia. In children undergoing evaluation for hypoglyce-
mic disorders, having a home monitoring tool for ketones
may help to guide and further stratify clinical decision-
making (e.g., need for in-patient fasting studies and
genetic testing). The method comparison of two currently
available modalities for BHB testing in a pediatric
nondiabetic population is essential to develop more effec-
tive strategies for screening, diagnosis, and safe manage-
ment of pathological causes of hypoglycemic disorder in
children.

Reference values for an overnight fast in healthy chil-
dren do not exist. In this article, our aim is to validate the
method of point-of-care meter to best support our goal of
developing pediatric ranges (which may ultimately vary
by age or other phenotypic criteria, such as BMI, dura-
tion of fast, or blood sugar). This initial step is essential
to improve the understanding of ketotic hypoglycemia.
This study was not designed to generate the reference
values for an overnight fast in children, but a subsequent
research work will provide the description of this popula-
tion and identify the need for the development of pediat-
ric reference ranges.

One potential limitation of our study is that it may
not be fully representative of healthy children in the gen-
eral population, given that participants were those under-
going elective procedures. To minimize selection bias, we
did not recruit participants who were undergoing elective
surgeries in which a higher proportion of patients might
have underlying inflammation or illness. Furthermore,
potential participants were excluded if they were taking
medications that have known effects on glucose metabo-
lism (e.g., steroids or insulin). We have only compared
the precision Xtra ketone meter from Abbott Pharma.
Currently, there are other FDA-approved blood ketone

POCT meters available in the United States (Nova max,
Freestyle Precision Pro, Ketosens). Further comparison
studies between POCT and serum BHB values utilizing
other commercially available ketone meters should be
undertaken. Our venous samples were evaluated for BHB
concentration as whole blood via POCT and serum via
laboratory analysis. A potential limitation is that BHB
POCT can also be measured via a capillary sample, which
is not reflected in our study. A prior small study demon-
strated a significant correlation between BHB in a capil-
lary sample and a serum sample in a different
population.'* Previous diabetes ketone comparison stud-
ies have shown good agreement up to the level of
5 mmol/L. As expected, our study did not compare the
higher ketones values, as healthy children in the absence
of known endocrine or metabolic disease should not have
ketones as high as in other disease states. Our study iden-
tifies a potential measurement bias since we demonstrate
a higher serum BHB compared with POCT levels. We
also identified three samples, which had a larger differ-
ence of 0.3 mmol/L compared to the predefined accepted
difference of 0.2 mmol/L, for which we have not been
able to identify any specific factor.

Future studies to define the normative ranges of
fasting ketones in a pediatric population without diabetes
are necessary to fully utilize and validate this tool. Ketotic
hypoglycemia disorders can have euglycemic ketosis as a
feature.” Identifying the presence of euglycemic ketosis
in the context of normal daily activities (e.g., after a nor-
mal overnight fasting state while asleep or between feeds)
may bring to attention children at higher risk of underly-
ing metabolic disorders, which could lead to more
prompt diagnosis and treatment.

The increasing accuracy and availability of POCT
BHB monitoring has the possibility to become a central
part of the diagnostic process in evaluating children with
potential hypoglycemic disorders. Our research expands
the tools available to investigate potential underlying dis-
orders in children with hypoglycemia. Our results sup-
port that POCT BHB values are comparable to serum
BHB and have the potential to be used during the evalua-
tion and management of hypoglycemic disorders. These
findings support the need to further define the normative
ranges of ketones in healthy children.
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