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Review Article

Introduction

Ketones or ketoacids in the body are formed in the liver from 
fatty acids liberated by lipolysis during periods of insulin 
deficiency because insulin suppresses lipolysis.1 Ketones are 
also produced when glucose concentrations fall during star-
vation or during very low carbohydrate diets, resulting in 
decreased insulin concentrations.2 Mildly increased ketone 
concentrations due to low carbohydrate intake (but with 
some insulin still being present) can lead to mild to moderate 
elevations of ketone concentrations in the blood. This condi-
tion is known as hyperketonemia. In these states, the blood 
can buffer the ketoacids and the blood pH remains normal so 
that ketonemia is generally not a hazard. However, people 
with diabetes (PWD) who can experience severe insulin defi-
ciency are at risk of massive ketoacid production. In those 
cases, the buffering capacity of the blood is overwhelmed, 
and pH and bicarbonate fall leading to metabolic acidosis. 
This condition is known as diabetic ketoacidosis (DKA).

The main ketoacid found in the blood during ketoacidosis 
is beta-hydroxybutyrate. This substance can be measured by 
point-of-care (POC) blood testing devices. The main 
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Abstract
Ketone bodies are an energy substrate produced by the liver and used during states of low carbohydrate availability, such 
as fasting or prolonged exercise. High ketone concentrations can be present with insulin insufficiency and are a key finding 
in diabetic ketoacidosis (DKA). During states of insulin deficiency, lipolysis increases and a flood of circulating free fatty 
acids is converted in the liver into ketone bodies—mainly beta-hydroxybutyrate and acetoacetate. During DKA, beta-
hydroxybutyrate is the predominant ketone in blood. As DKA resolves, beta-hydroxybutyrate is oxidized to acetoacetate, 
which is the predominant ketone in the urine. Because of this lag, a urine ketone test might be increasing even as DKA is 
resolving. Point-of-care tests are available for self-testing of blood ketones and urine ketones through measurement of beta-
hydroxybutyrate and acetoacetate and are cleared by the US Food and Drug Administration (FDA). Acetone forms through 
spontaneous decarboxylation of acetoacetate and can be measured in exhaled breath, but currently no device is FDA-
cleared for this purpose. Recently, technology has been announced for measuring beta-hydroxybutyrate in interstitial fluid. 
Measurement of ketones can be helpful to assess compliance with low carbohydrate diets; assessment of acidosis associated 
with alcohol use, in conjunction with SGLT2 inhibitors and immune checkpoint inhibitor therapy, both of which can increase 
the risk of DKA; and to identify DKA due to insulin deficiency. This article reviews the challenges and shortcomings of 
ketone testing in diabetes treatment and summarizes emerging trends in the measurement of ketones in the blood, urine, 
breath, and interstitial fluid.
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ketoacid in urine is acetoacetic acid, which is a conversion 
product from beta-hydroxybutyrate. This substance is mea-
sured by POC urine ketone tests. Urine ketone tests of aceto-
acetate are acceptable for documenting states of increased 
ketone production due to a low carbohydrate diet or exercis-
ing, but they are not necessarily accurate for diagnosing or 
following the course of DKA. This is because, in DKA, the 
ratio of beta-hydroxybutyrate to acetoacetate increase from 
1:1 to as much as 10:1.3 The delayed increase in acetoacetate 
early in DKA can underestimate the severity of the disease. 
Later as DKA is evolving, beta-hydroxybutyrate is converted 
to acetoacetate, and urine concentrations of acetoacetate rise. 
At this point, the elevated urine result is a lagging indicator 
of the severity of ketoacidosis and can create a false impres-
sion that the condition is persisting or worsening when it is 
actually resolving. Although urine ketones have been used to 
screen for impending DKA, this test can underestimate or 
overestimate the severity of the disease, making blood test-
ing of beta-hydroxybutyrate the preferred test for monitoring 
ketones.4 Measurements of acetone in the breath, formed 
from spontaneous decarboxylation of acetoacetate can be 
made. Although no breath ketone tests have been cleared by 
the US Food and Drug Administration (FDA), several small 
studies have shown a positive correlation between breath 
acetone and blood beta-hydroxybutyrate.5-9 Monitoring of 
ketones is important for individuals with diabetes to detect 
and treat DKA. Clinicians should educate PWD and their 
families at least annually, and opportunistically, per the most 
recent International Society for Pediatric and Adolescent 
Diabetes (ISPAD) guidelines. No comparable guidelines for 
adults currently exist.

Newer methods of ketone measurement are being devel-
oped, including the continuous ketone monitor (CKM), 
which measures beta-hydroxybutyrate levels in the intersti-
tial fluid of subcutaneous tissue. CKM has the potential to 
improve the management and monitoring of diabetes in both 
the inpatient and outpatient settings.10

People with type 1 diabetes (T1D) are at increased risk of 
developing DKA during acute illnesses and/or when using 
sodium-glucose cotransporter-2 inhibitors (SGLT2i) off 
label.11 Other people who are at increased risk of DKA 
include people with type 2 diabetes (T2D) who are using 
SGLT2i on label or who have experienced an episode of anti-
body-negative ketosis-prone diabetes (also known as 
Flatbush Diabetes), which is the reason for DKA in nearly 
50% of African Americans and approximately 50% of 
African Caribbeans.12-14 A combination of starvation and an 
alcoholic binge can lead to ketoacidosis in the absence of 
diabetes, which is known as alcoholic ketoacidosis (AKA). 
Also, ketoacidosis in the absence of diabetes may rarely 
occur after a short period of vomiting and is then referred to 
as starvation ketoacidosis.15 Ketoacidosis may be due to a 
mixed acid-base disorder known as diabetic ketoalkalosis, 
which can rarely occur in a setting of alkalosis due to severe 
vomiting and volume contraction.16,17 If the vomiting is due 

to cannabis hyperemesis, then this condition is known as 
hyperglycemic ketosis due to cannabis hyperemesis syn-
drome (HK-CHS).18 Blood ketone monitoring is useful to 
diagnose early cases of all these conditions. Plans are under-
way to integrate CKMs into automated insulin delivery 
(AID) systems that can respond by delivering more insulin if 
the interstitial fluid ketone concentrations rise above a trig-
gering concentration. In addition, an alarm for an elevated 
ketone concentration can alert the patient to look for an 
occluded or dislodged insulin delivery catheter.

Measuring Ketones in Adult Patients in 
an Ambulatory Setting

•• Production of ketones is an evolutionary adaptation to 
prolonged starvation.

•• The presence of ketones can be beneficial or harmful 
depending on their rate of appearance in the 
circulation.

•• Measurement of plasma ketones is preferable to urine 
ketones despite limitations in both methods.

Physiology

What are ketones, and why are they important? From an evo-
lutionary point of view, ketones are extremely important. 
They evolved as a form of alternative energy substrate for 
when carbohydrate intake was at a minimum. It is important 
to note that insulin has different physiological effects at vary-
ing levels of plasma concentration. At low concentrations, 
insulin suppresses lipolysis and ketogenesis, but when there 
is no carbohydrate in the diet, such as in periods of prolonged 
starvation, insulin concentrations can drop to extremely low 
concentrations to where lipolysis and ketogenesis are no lon-
ger suppressed. This was shown by Cahill back in the 1960s 
and 1970s that during periods of prolonged starvation of over 
three or four weeks, plasma ketone concentrations, in par-
ticular beta-hydroxybutyrate, can rise to as high as 6 mmol/L 
or greater.19,20 He also showed that during prolonged starva-
tion, ketone bodies make up more than 60% of the energy 
substrate used by the brain. The vast majority of these 
ketones are beta-hydroxybutyrate.21 The reason that there is 
no accompanying metabolic acidosis is because of renal and 
respiratory buffering compensation which can handle the 
increased amount of ketones produced in these situations. 
Hyperketonemia occurs with the Keto diet or the Atkins diet 
where there is very little carbohydrate ingested, which results 
in high ketone concentrations in the blood because of the 
breakdown of lipids. When the body uses ketoacids as a fuel 
source, then the person is said to be in a state of ketosis.

The metabolic processes leading to ketogenesis are 
shown in Figure 1. The breakdown of lipids leads to the 
liberation of free fatty acids from adipose tissue. These 
reach the liver where they are converted into acetyl-CoA, 
which is condensed further into aceto-acetyl CoA. This 



716 Journal of Diabetes Science and Technology 18(3)

substance can either be taken up into the tricarboxylic acid 
cycle for the generation of energy or it can have a further 
acetyl-CoA added where it is then converted to beta-
hydroxy beta-methylglutaryl-CoA. This molecule then is 
converted into acetoacetate which itself can be converted 
into beta-hydroxybutyrate. These two substances are the 
two main keto acids and circulate in the form of ketone 
bodies.23 Therefore, the presence of ketones in the blood 
represents a state of absolute or relative insulin insuffi-
ciency. In summary, ketones are an evolutionary mecha-
nism to allow an alternative energy substrate for the brain 
and the heart in periods of prolonged starvation and are 
therefore very useful substances.

People who are heavy alcohol drinkers often have a 
degree of carbohydrate reduction in their diet.23 The enzyme 
alcohol dehydrogenase metabolizes ethanol to acetaldehyde 
which itself is metabolized to acetic acid and transported into 
the mitochondria where it is converted into acetyl-CoA and 
subsequently condensed into acetoacetate. More recently, the 
use of SGLT2i has precipitated DKA, through three mecha-
nisms. First, increased ketogenesis in the liver (due to 
increased glucosuria) is followed by a need for a lower insu-
lin dose. Lower insulin concentrations cause plasma gluca-
gon levels to increase. This increase is due to a paracrine 
effect induced by diminished inhibition of insulin on 

glucagon release by the pancreas, which leads to increased 
ketogenesis by the liver. Second, decreased insulin concen-
trations lead to increased lipolysis, increased free fatty acid 
release, and consequently increased ketone production by the 
liver. Third, SGLT2i decrease sodium reabsorption followed 
by decreased renal clearance of ketone bodies.24 These 
mechanisms are presented in Figure 2. Ketoacidosis as a 
complication of SGLT2i therapy has been reported in both 
T1D and T2D. The hyperglycemia in this setting is often less 
severe than in DKA observed in T1D, which is why the con-
dition is classified as “euglycemic” ketoacidosis. DKA with 
blood glucose (BG) concentrations of less than 200 mg/dL, 
is defined as euglycemic DKA.25 The prevalence of euglyce-
mic DKA in people with T1D using SGLT2i therapy is 
approximately 4% to 7%,26,27 and the distribution of lower 
limits of admission serum glucose concentrations for this 
disease in the United Kingdom is presented in Table 1.1,2 In 
the United States, cases of euglycemic DKA have been 
reported to occur with presenting serum glucose concentra-
tions as low as 96 mg/dL28 or 170 mg/dL.29

Diagnosis of Ketoacidosis

According to a literature review published in 2017 that ana-
lyzed 16 years of reports of DKA in T1D adults, the findings 
included (1) an incidence ranging from 0 to 56 cases per 
1000 person-years (except for one outlier study reporting 
263 cases per 1000 per patient-years [PYs]), and (2) a preva-
lence ranging from 0 to 128 per 1000 persons.30 The increased 
risk of DKA in users of an SGLT2i compared with a nonuser 
may be 5 to 17 times higher.31

The presence of elevated concentrations of blood ketones 
is the hallmark of a diagnosis of DKA. Patients at risk of this 
complication of diabetes must receive education on how to 
operate and interpret home measurement tests of blood 
ketones. However, for such tests to be effective, they must be 
used.

Diagnostic criteria for DKA include either hyperglycemia 
with a BG >200 mg/dL (>11.1 mmol/L), or a history of dia-
betes mellitus; the presence of ketones in the blood >3 
mmol/L or significant ketonuria >2+ on a standard urine 
stick; a bicarbonate of <18 mmol/L, and/or a venous pH of 
<7.3 according to the UK guidelines or a pH of <7.30 with 
a BG of > 250 mg/dL (13.9 mmol/L) and a bicarbonate of 
<18 mmol/L with the presence of urine or serum ketones 
according to the 2023 American Diabetes Association 
Standards of Care.32-34 To diagnose DKA, Diabetes Canada 
specifies similar pH and bicarbonate criteria as in the United 
Kingdom, similar ketone criteria as the American Diabetes 
Association, and a plasma glucose that is usually ≥252 mg/
dL but can be lower, especially with the use of SGLT2i.35 In 
Australia, the Pediatric Clinical Network specifies that a 
diagnosis of DKA is made if serum glucose is >198 mg/dL, 
venous pH is <7.3 or bicarbonate is <15 mmol/L, and keto-
nemia or ketonuria is present.36 Following treatment of an 

Figure 1. Metabolic processes and hormone imbalances 
resulting in ketogenesis. Figure modified from Nguyen et al.22



Huang et al 717

Figure 2. Potential mechanisms whereby SGLT2i may promote ketosis and increase the risk of ketoacidosis in T1D patients. SGLT2i 
decrease glucose by an insulin-independent mechanism. To minimize the risk of hypoglycemia, T1D patients may need to decrease 
their insulin dose, which is predicted to increase the rate of adipose tissue lipolysis, free fatty acid release, and hepatic ketogenesis. In 
addition, SGLT2i have been demonstrated to increase plasma glucagon levels in T2D patients possibly to compensate for increased 
urinary excretion of glucose. SGLT2i also reduce renal tubular sodium and glucose reabsorption and increase the reabsorption of 
ketoacids, resulting in decreased renal clearance of ketone bodies. Figure reproduced from Taylor et al.24 
Abbreviations: SGLT2i, sodium-glucose cotransporter-2 inhibitors; T1D, type 1 diabetes; T2D, type 2 diabetes.

Table 1. Prevalence of Euglycemic Diabetic Ketoacidosis in People With T1D in the United Kingdom. Data from a national survey39 
and local audit.40 Data are divided into different thresholds of “euglycemia.”

Number
Admission glucose < 11.0 

mmol/L (200 mg/dL)1
Admission glucose < 13.9 

mmol/L (250 mg/dL)2
Admission glucose < 16.7 

mmol/L (300 mg/dL)3

National survey (2014)39 277 6 14 23
Local audit (2015)40 57 4 4 6
 334 10 18 29
 3.0% 5.4% 8.7%

Source: Table reproduced from Macfarlane et al.26

Abbreviations: T1D, type 1 diabetes; UK, United Kingdom.

episode of DKA, although most existing guidelines define 
DKA resolution as venous pH ≥ 7.3, serum bicarbonate 
(HCO3) ≥15 mmol/L, and/or anion gap ≤14 mmol/L. An 
eventual decline of plasma beta-hydroxybutyrate to 1.5 
mmol/L or less has been proposed as defining the resolution 
of the DKA.37

Technology for Measuring Ketones

Advantages and disadvantages of the measurement of blood 
versus urine ketones are listed in Table 2. Breath acetone 
concentrations vary from 1 part per million (ppm) in healthy 
nonfasting states, to more than 1250 ppm in DKA. In a pilot 
study of measuring breath acetone in 10 adults and 9 children 

with T1D, there was a significant association between the 
breath ketone analyzer and blood ketone meter results in 
adults (P = .0066), but not in children (P = .4579).9 A saliva 
ketone monitoring strip has also been proposed, but little is 
yet known about the performance of this technology.41

A POC method for measuring beta-hydroxybutyrate has 
been shown to be precise (with a coefficient of variation 
<4.5%), and with good correlation compared with an 
enzyme reference method (r = 0.95). The POC method had 
a sensitivity of 100% and specificity of 89% for diagnosing 
DKA (defined as beta-hydroxybutyrate >3 mmol/L), while 
for excluding DKA (defined as beta-hydroxybutyrate <1 
mmol/L), the sensitivity was 100% and specificity was 
87.5%.42 A POC blood ketone result of ≥3.5 mmol/L yielded 
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100% specificity and sensitivity (compared with a clinical 
diagnosis combined with venous bicarbonate and urine 
ketone testing) for the diagnosis of DKA in an emergency 
department setting.43 These types of studies indicate that a 
POC beta-hydroxybutyrate device can be accurate. A review 
article on the accuracy of capillary beta-hydroxybutyrate 
measurement for identifying DKA that analyzed nine studies 
(including the two aforementioned studies) concluded that 
capillary beta-hydroxybutyrate testing, compared with mul-
tiple other types of analytical and clinical tests, has high sen-
sitivity, specificity, positive predictive value, and negative 
predictive value.44

An additional and controversial use of blood ketone test-
ing for wellness is monitoring the effect of a ketogenic diet 
by athletes. Raising blood ketone concentrations may 
enhance exercise capacity.45 The hypothesized mechanism is 
that hyperketonemia may enhance exercise capacity by 
reducing muscle reliance on carbohydrates.46 Blood ketone 
monitors have been advocated for athletes to determine 
whether a ketogenic diet has resulted in a state of nutritional 
ketosis, which is a beta-hydroxybutyrate concentration of at 

least 0.5 mmol/L. A lower concentration would indicate a 
need for the stricter limiting of carbohydrate intake.47

Real-World Experience With Ketone Measurements

While there is a preferred ketone measurement modality, 
what is happening in clinical practice? In a survey of adults 
with T1D attending two Australian tertiary referral diabetes 
clinics reported in 2018, 31% of respondents reported not 
having unexpired ketone test strips at home.48 Through an 
online survey completed in 2015 by participants in the T1D 
Exchange, it was noted that 62% of respondents had urine 
ketone strips, 18% had blood ketone meters, but a third of the 
cohort reported having no ketone measurement method at 
home.47 When respondents were asked about ketone mea-
surement practices when nauseous/vomiting or when hyper-
glycemic, a clear pattern emerged: youth with diabetes 
tended to assess ketones more frequently, while more than 
50% of those aged >26 years reported they never assessed 
ketones in either situation.49 Furthermore, diabetes aware-
ness campaigns in Italy50 and the United Kingdom51 that 

Table 2. Comparison of the Advantages and Disadvantages of Ketone Measurement Methods.

Plasma ketones Urine ketones

Advantage Disadvantage Advantage disadvantage

Measures the current plasma 
ketone concentration, allowing 
diagnostic certainty, and subsequent 
management plan

Reading is an average of urine 
ketone concentration since 
last void; management may be 
delayed

Allows for timely change of 
treatment as necessary

Length of time to resolution of 
DKA may be overestimated

Fast, immediate measurement Urine sample collection may be 
delayed due to dehydration

Greater sensitivity and specificity for 
DKA

Lower sensitivity and specificity 
for DKA

Measures beta-hydroxybutyrate, the 
predominant ketone in DKA

Measures only acetoacetic acid, 
not beta-hydroxybutyrate

 Potentially painful Painless  
 Equipment (meter) needed Readings can be read off 

the bottle
 

 Meter needs regular quality 
assurance testing

No quality assurance 
needed

 

 Staff who is able to use the 
meter required (if in hospital)

No technical skill required 
to use the equipment

 

Individually wrapped ketone strips 
have a long shelf life

Ketone strips have a relatively 
short shelf life

 Relatively expensive Relatively cheap  
 Meter may be inaccurate at 

readings outside the range it 
is designed for

 

 Interference caused by other 
substances (eg, vitamin C), 
giving inaccurate results

Interference caused by other 
substances (eg, vitamin C), 
giving inaccurate results

Source: Reproduced from Dhatariya38 under the CC BY-NC-ND 4.0 License: https://creativecommons.org/licenses/by-nc-nd/4.0/.
Abbreviation: DKA, diabetic ketoacidosis.

https://creativecommons.org/licenses/by-nc-nd/4.0/
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included information about testing BG and blood ketones 
have been shown to reduce the number of children present-
ing in DKA with new onset of T1D.

Measuring Ketones in Pediatric 
Patients in an Ambulatory Setting

•• All youth with T1D and their parents must be informed 
of when and how to check for ketones.

•• Education regarding the importance of ketone checks 
must be developmentally appropriate and completed, 
at least, annually. This will ensure that as youth transi-
tion to greater independence with care, they know 
when to check for ketones, how to interpret ketone 
levels, and what to do should ketones be present.

•• Sick day guidelines/management plans should be pro-
actively provided for all youth with diabetes.

ISPAD Clinical Practice Guidelines

In 2022, the ISPAD updated their Clinical Practice 
Guidelines, which is released every four years. Recognizing 
that sick day management of youth with diabetes is not a 
matter of if, it is a matter of when, an entire chapter titled 
“Sick day Management in Children” is devoted to this 
topic.52 Indeed, the guidelines recommend, with grade C evi-
dence, that “People with diabetes, their families and/or care-
givers must receive education and be given access to 
guidelines preparing them for managing diabetes during ill-
ness. This education should be delivered at diagnosis, at fol-
low-up at least annually, and opportunistically.”52 At the 
heart of sick day management is understanding when to mea-
sure ketones, how to measure ketones, and what to do should 
ketones be present.

Currently, there are two primary methods for ketone 
measurement used in clinical pediatric practice: (1) assess-
ment of acetoacetate in the urine and (2) capillary measures 
of blood beta-hydroxybutyrate. In a randomized controlled 
trial published in 2006, Laffel and colleagues compared 
these two methods of ketone measurement in 123 youth 
with T1D who ranged in age from 3 to 22 years.53 All par-
ticipants received the same structured sick day education 
and were advised to check glucose ≥ 3 times a day and 
check ketones during acute illness or stress, when glucose 
levels were elevated, or when symptoms of DKA were 
noted.53 While the frequency of sick days was similar 
between groups, engagement with ketone monitoring var-
ied by ketone measurement modality, with those using 
blood ketone measures checking on 90% of sick days ver-
sus only 61% of the time for participants randomized to 
urine ketone checks.53 Furthermore, those in the blood 
ketone group had fewer emergency room visits and hospi-
talizations. The authors suggested that earlier detection of 
ketones led to more timely interventions.53

Translating Guidelines Into Clinical Practice

For youth with diabetes, the transition to greater indepen-
dence that occurs in adolescence highlights why it is critical 
to ensure education on the importance of ketone measure-
ment occurs annually or more frequently. Using intake ques-
tionnaires to guide the frequency of ketones since the last 
visit may help broach the conversation and allow time to dis-
cuss the how, when, and why of ketone measurement. In 
addition, data downloads that are reviewed may provide an 
opportunity to identify a time that it might have been prudent 
to measure for ketones, for example, sensor glucose >250 
mg/dL (>13.9 mmol/L) for more than two hours, and 
whether it was done at that time. Seamlessly integrating the 
conversation on ketone measurement is essential and should 
occur at least annually in a developmentally appropriate 
manner.

While it is critical to know when to measure for ketones, 
it is imperative that proactive sick day instructions are pro-
vided to families. As shown in Figure 3, the “ISPAD Clinical 
Practice Guidelines on Sick Day Management in Children” 
offers a very structured approach.52 Ensuring families have 
the tools necessary to try to manage sick days at home is 
crucial, as well as access to a provider with a 24-hour contact 
number for support.

Thus, healthcare professionals should seek to provide 
education at least annually, and opportunistically, to the 
PWD they treat; prescribe a method to measure ketones 
while advocating for reimbursement of this necessary medi-
cal equipment; and create a sick day action plan that can be 
quickly implemented when ketones arise. Future methods to 
allow for more seamless measurement of ketones, like a 
CKM, has the potential to transform care delivery, but the 
foundation of education regarding ketone measures will 
remain a cornerstone of treatment.

Measuring Ketones in Hospitalized 
Patients

•• Laboratory analyzers and bedside point-of-care tests 
(POCTs) can be used to measure beta-hydroxybutyr-
ate to diagnose DKA.

•• AKA causes elevated ketone concentrations that are 
comparable with DKA, while starvation ketoacidosis 
rarely causes decreased bicarbonate concentration or 
hyperglycemia.

•• Maternal ketoacidosis is accelerated during the third 
trimester, and low carbohydrate diets should be 
avoided during pregnancy to prevent adverse fetal 
outcomes.

Ketoacidosis

Clinical forms of ketoacidosis are DKA, AKA, and starva-
tion ketoacidosis. The two main ketone bodies are 
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acetoacetate and beta-hydroxybutyrate, while acetone is the 
third, and least abundant, ketone body. A normal serum con-
centration of ketone bodies is defined as ≤0.5 mM; hyperke-
tonemia is defined as being in excess of 1.0 mM, and 
ketoacidosis as ketone concentrations in excess of 3.0 mM.54 
Assessment of ketonemia is performed by the nitroprusside 
reaction, which provides a semiquantitative estimation of 
acetoacetate and acetone levels. The nitroprusside test (both 
in urine and in serum) is highly sensitive; however, it fre-
quently underestimates the severity of ketoacidosis because 
this assay does not recognize the presence of beta-hydroxy-
butyrate, the main ketone body in ketoacidosis.23 Because of 
this, if available, measurement of serum beta-hydroxybutyr-
ate is the preferred test for diagnosis, treatment monitoring, 
and an indication of the resolution of ketoacidosis.55 As of 
2020, more than 30% of laboratories in the United States 
were measuring blood ketones with a nitroprusside assay 
that predominantly measures acetoacetate rather than a beta-
hydroxybutyrate assay.56 This practice can lead to the same 
errors in the estimation of the severity of ketoacidosis as 

urine ketone testing. Blood ketone beta-hydroxybutyrate 
measurement can be performed as a laboratory test or with 
handheld meters such as a POCT.38 The convenience of test-
ing and rapidity of results from a POCT instrument in a hos-
pital setting are major reasons for implementing blood ketone 
measurements in some clinical guidelines. In DKA, the use 
of blood beta-hydroxybutyrate monitoring, compared with 
urine acetoacetate monitoring, can result in faster resolution 
of ketoacidosis and shorter stays in the intensive care unit.50 
Some concern has been raised about the reliability of POCT 
instruments at high concentrations of blood beta-hydroxybu-
tyrate concentrations above 5 mmol/L for following the 
improvement of treated DKA patients, but this concentration 
is above the diagnostic threshold and would not likely affect 
the identification of DKA.56

The most serious hyperglycemic emergency in individu-
als with T1D and T2D is DKA, which is characterized by a 
triad of hyperglycemia, metabolic acidosis, and elevated 
serum and urine ketones. The pathogenesis of DKA (which is 
associated with an absolute insulin deficiency) and of the 

Figure 3. Sick day management in children and adolescents with diabetes for treatment of ketosis in the home. Reproduced from 
Phelan et al.52 
Abbreviation: BGL, blood glucose level; TDD, total daily dose.
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related condition, hyperosmolar hyperglycemic state (which 
is associated with a relative insulin deficiency without sig-
nificant ketoacidosis),57 is shown in Figure 4.33

Other Forms of Ketoacidosis

AKA occurs most often in a setting of chronic liver disease 
and low glycogen stores due to long-term alcohol abuse.58 
The condition typically presents in alcoholics after a recent 
binge of drinking followed by the abrupt cessation of alcohol 
consumption and food intake for at least 24 hours due to 
abdominal pain and vomiting. The result is dehydration, star-
vation, and acidosis with elevated production of beta-
hydroxybutyrate. In the most quoted series of AKA cases, the 
elevation of total ketone body concentration to between 7 
and 10 mmol/L is comparable with the ketone body concen-
trations reported in patients with DKA.58 In this clinical set-
ting, the combination of ketoacidosis in the absence of 
hyperglycemia confirms the diagnosis of AKA.

Starvation ketoacidosis occurs after the body is deprived 
of glucose (<500 Kcal/day) as its primary source of energy 
for a prolonged time, causing fatty acids to replace glucose 
as the major metabolic fuel.59 During food deprivation, star-
vation ketosis is defined as occurring when the blood/plasma 
concentration of acetoacetate is about 1.0 mmol/L and beta-
hydroxybutyrate concentration is >2-5 mM. Such values are 
usually present after two to three days of total starvation with 
maximal blood/plasma concentrations developing after sev-
eral weeks of total fasting. If physiological stress accompa-
nies starvation, then elevated counterregulatory hormones, 
including catecholamines, cortisol, and glucagon, further 

promote lipolysis, which in turn results in increased ketoacid 
production.60 A healthy individual is able to adapt to pro-
longed fasting by increasing the clearance of ketone bodies 
in peripheral tissues (brain and muscle) and by enhancing the 
kidneys’ ability to excrete ammonium to compensate for the 
increased ketoacid production.61 Thus, people with starva-
tion ketosis rarely present with a serum bicarbonate concen-
tration <18 mmol/L and do not exhibit hyperglycemia.

Maternal ketogenesis is accelerated in pregnancy, particu-
larly in the third trimester. In women admitted to the hospi-
tal, fasting serum beta-hydroxybutyrate and acetoacetate 
concentrations are up to three times higher in pregnant 
women in the third trimester compared with nonpregnant 
women serving as controls.62 The increase in maternal keto-
genesis is secondary to multiple metabolic changes including 
maternal insulin resistance which develops in the second tri-
mester largely because of the secretion of placental growth 
hormone as well as increased maternal lipolysis and keto-
genesis. In addition, low-carbohydrate diets result in elevated 
ketone levels because of the reduction in available glucose.63 
Elevated ketones are a key concern with low carbohydrate 
diets and are cited as a reason to avoid such diets during 
pregnancy. Some studies have reported a correlation between 
maternal blood ketone concentrations and poor fetal and 
childhood outcomes, including reduced childhood intelli-
gence quota, oligohydramnios, fetal heart decelerations, and 
nonreactive nonstress tests; however, studies do not consis-
tently find such associations with these outcomes.62

Diabetic ketoalkalosis is a rare, atypical form of DKA 
presenting with severe vomiting. In diabetic ketoalkalosis, a 
metabolic alkalosis occurs because of (1) hydrogen ion loss 

Figure 4. Pathogenesis of DKA and HHS. Reproduced from Kitabchi et al33 under the CC BY-NC-ND 4.0 License: https://
creativecommons.org/licenses/by-nc-nd/4.0/. Abbreviations: DKA, diabetic ketoacidosis; HHS, hyperosmolar hyperglycemic state.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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from the gastrointestinal tract due to vomiting, (2) a shift of 
hydrogen into cells due to potassium deficiency from 
decreased food intake and loss through vomiting, and (3) 
increased hydrogen ion secretion into the urine due to vol-
ume contraction. For these reasons, alkalemia occurs instead 
of acidemia, which would typically occur in DKA because of 
ketoacid formation.16,17 One example of diabetic ketoalkalo-
sis has recently been reported, which is hyperglycemic keto-
sis due HK-CHS. Whereas typical DKA is characterized by 
hyperglycemia, followed by acidosis, in HK-CHS, ketosis 
and alkalosis due to severe vomiting occur first and are fol-
lowed by hyperglycemia. A typical presentation of HK-CHS 
(like with DKA) includes BG >250 mg/dL and beta-
hydroxybutyrate >0.6 mmol/L; however, HK-CHS presents 
with pH >7.4 with bicarbonate of >15 mmol/L (which are 
both higher than typically seen in DKA) urine drug screen 
positive for marijuana.18

Immune checkpoint inhibitors (ICIs) are monoclonal anti-
bodies used in cancer chemotherapy to block upregulated 
tumor surface proteins that induce pathological immune tol-
erance. This type of treatment results in favorable anti-tumor 
stimulation of the immune system but can also result in path-
ological states of increased autoimmunity whereby T cells 
destroy islet beta cells.63(p1) ICI–associated autoimmune dia-
betes mellitus is a recently recognized form of autoimmune 
diabetes that occurs in 0.2% to 1.4% of patients treated with 
programmed cell death protein 1 (PD-1) or programmed cell 
death ligand 1 (PD-L1) ICIs.64 It is a quickly developing 
(sudden onset) form of diabetes with marked hyperglycemia 
(in contrast to milder hyperglycemia or a euglycemic state in 
DKA due to SGLT2i) that often presents initially with DKA. 
The median time from initiation of ICI therapy to the onset 
of diabetes is approximately 1.5 to 2 months.65,66 A typical 
presentation of this syndrome is a new onset of DKA with 

low c-peptide concentrations, and normal HbA1c concentra-
tions (indicating rapid islet failure) in a setting of ICI 
therapy.66-69

Continuous Ketone Monitoring: The 
Future of Ketone Testing

•• The most clinically relevant ketone to measure is 
beta-hydroxybutyrate.

•• Measurement of interstitial beta-hydroxybutyrate 
using a factory-calibrated CKM sensor may be useful 
in ambulatory and hospital settings.

•• CKMs can identify changing ketone levels and flag 
significant changes—offering a new tool for the pre-
vention and management of DKA in PWD.

The Principle of Continuous Ketone Monitoring

CKMs are under development. This type of device can iden-
tify changing ketone levels and flag significant changes, 
offering a new tool for the prevention and management of 
DKA in PWD. CKMs could measure interstitial beta-
hydroxybutyrate using a similar electrochemical technology 
and form factor as existing glucose monitoring devices.70 
An implanted fluorescent sensor has been proposed but no 
clinical data on this method have been reported.71 
Theoretically, a combined continuous glucose monitor 
(CGM) and CKM system, offering both continuous glucose 
and ketone data within a single system, may be feasible.72 
Another method under development would be with a 
microneedle sampling method with a sensor array, which 
could measure interstitial fluid ketone levels and potentially 
also measure other analytes, such as glucose and lactate.73,74 
As ketone concentrations in blood and interstitial fluid are 

Figure 5. An example of an alert based on continuous ketone monitor data with behavioral suggestions to prevent ketoacidosis. 
Figure courtesy of Kristin Castorino. Abbreviation: DKA, diabetic ketoacidosis.
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normally low, a factory calibration feature for nonadjunctive 
use will greatly increase the adoption of these products. A 
combined CGM and CKM could be incorporated into AID 
systems and provide alarms and additional safety measures 
related to these two analytes.

CKM offers a paradigm shift from diabetes management 
focused solely on glucose as an analyte of interest to a multi-
analyte approach. A CKM, particularly if combined with a 
CGM, may provide DKA risk mitigation for several scenar-
ios where the risk of DKA is high, including SGLT-2 inhibi-
tor use in T2D and especially in T1D; in people with a history 
or risk of repeated episodes of DKA (such as ketosis-prone 
T2D); in people maintaining low carbohydrate or ketogenic 
diets; during ICI therapy; in cases of pancreoprivic diabetes 
(due to pancreatectomy or cystic fibrosis); or during signifi-
cant, such as can occur with illness or surgery, intense exer-
cise; and other activities potentially accelerating DKA risk.22

Insulin-requiring PWD are using SGLT2i with increasing 
frequency because of their renal and cardiovascular risk 
reduction profiles, despite their association with euglycemic 
DKA.75 A CKM may help identify rising ketone levels and 
allow people with impeding euglycemic DKA to take correc-
tive action, such as hydration and insulin treatment, with or 
without carbohydrate intake, to prevent ketoacidosis.75-77 For 
SGLT2i users with diabetes, ketone measurements are indi-
cated for symptoms suggesting DKA, such as malaise, 
fatigue, nausea, or vomiting. These SGLT2i users should 
also measure ketones in a setting of infection, dehydration, 
injury, or an insulin pump malfunction.31 An example of an 
alert for impending ketoacidosis is shown in Figure 5.

Future Research

CKMs should be integrated into AID systems to flag possible 
ketonemia and prevent DKA.78 The AID systems generally 
have two algorithms that run in parallel, one which is aimed 
at keeping glucose in the target range, and a second, which is 
a safety algorithm aimed at risk mitigation, such as hypogly-
cemia prevention. Future safety algorithms can also be 
developed for dynamic ketone levels to flag ketonemia and 
identify impending ketoacidosis from several causes, such as 
interruption of insulin infusion or intercurrent illness. The 
data from CKMs will be maximally useful if they can be 
automatically integrated into the electronic health record 
(EHR) the way wearable CGMs can now be integrated 
through the application of the Integration of Continuous 
Glucose Monitor Data Into the Electronic Health Record 
(iCoDE) standard.79 In addition, incorporating CGM and 
CKM data into a standardized report format familiar to clini-
cians like the ambulatory glucose profile report, which may 
then be the ambulatory glucose ketone profile report, would 
likely be needed to facilitate a good dialogue between patient 
and clinician.

Future CKM research should assess clinically relevant 
endpoints such as this technology’s effect on emergency 

room visits and hospitalizations as well as the economics of 
this type of wearable continuous monitoring device. Such 
clinical and economic outcomes data will be needed to pro-
vide sufficient justification to support reimbursement for 
making the technology accessible for PWD.22 Ultimately, 
diabetes technology should reduce the burden of disease 
management. CKMs hold the promise to simplify the pre-
vention and treatment of DKA.

Conclusion

Ketone bodies are an alternative energy substrate used dur-
ing low carbohydrate states such as starvation. Pathological 
states such as DKA can occur with the rapid development of 
high levels of ketone bodies; therefore, monitoring ketone 
levels is essential for the prevention and treatment of DKA. 
Ketones have traditionally been measured via urine or blood. 
Blood ketone measurement is a valuable tool to prevent 
DKA, given that the rise in blood ketones may precede the 
rise in urine ketones. CKMs have been introduced as an 
innovative investigational device to address some of the 
challenges and shortcomings of conventional ketone testing 
in diabetes treatment. By monitoring changes in beta-
hydroxybutyrate levels in real time, CKM may help decrease 
the risk of DKA in PWD during illness, surgery, and while on 
SGLT2i or ketogenic diets. There is also the potential for 
CKM to integrate with CGM and AID systems for fault 
detection by determining inadequate insulin delivery from an 
insulin infusion site. Future research studies will be essential 
to understand the feasibility, acceptability, usability, efficacy, 
and safety of CKM devices before widespread use and 
adoption.
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