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Introduction

When cells do not receive sufficient glucose, that they need 
for typical energy production, the body begins to burn fat 
and utilize the breakdown products of fat to generate an 
alternate energy source, ketone bodies (ketones).1 The pro-
duction of ketones as a source of fuel can be both physio-
logic such as in the case of fasting or low-carbohydrate 
(ketogenic) diets or can be detrimental such as in the case of 
diabetic ketoacidosis.

In individuals who are on ketogenic diets, where the car-
bohydrate intake is drastically reduced and replaced with fat, 
the body uses ketones instead of glucose for energy.2 A sig-
nificant reduction in carbohydrates puts the body in a meta-
bolic state called ketosis.3 Ketogenic diets have been used for 
a variety of reasons in medicine, including the management 
of pediatric epilepsy as well as weight loss.4,5 In patients with 
type 2 diabetes (T2D), nutritional ketosis is associated with 

sustained improvement in the atherogenic lipid and lipopro-
tein profile.6,7

Most cells require insulin to shuttle glucose into the cell. 
When the body has insufficient insulin, an intracellular short-
age of glucose occurs, forcing the body to produce ketones 
for fuel. However, if the ketones build up in blood, faster 
than they can be metabolized, then the body becomes acidic 
resulting in diabetic ketoacidosis (DKA).8 Ketoacidosis can 
occur in T2D rarely, but is a significant risk in those people 
living with type 1 diabetes (T1D). In people with diabetes 
(PWD) managed with insulin pumps with about 3% of those 
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Abstract
Background: The feasibility of measuring β-hydroxybutyrate in ISF using a continuous ketone monitoring (CKM) sensor 
using a single calibration without further adjustments over 14 days is described.

Methods: A CKM sensor was developed using wired enzyme technology with β-hydroxybutyrate dehydrogenase chemistry. 
In vitro characterization of the sensor was performed in phosphate buffered saline at 37°C. In vivo performance was 
evaluated in 12 healthy participants on low carbohydrate diets, who wore 3 ketone sensors on the back of their upper 
arms to continuously measure ketone levels over 14 days. Reference capillary ketone measurements were performed using 
Precision Xtra® test strips at least 8 times a day.

Results: The sensor is stable over 14 days and has a linear response over the 0-8 mM range. The operational stability of the 
sensor is very good with a 2.1% signal change over 14 days. The first human study of the CKM sensor demonstrated that the 
sensor can continuously track ketones well through the entire 14 days of wear. The performance with a single retrospective 
calibration of the sensor showed 82.4% of data pairs within 0.225 mM/20% and 91.4% within 0.3 mM/30% of the capillary 
ketone reference (presented as mM at <1.5 mM and as percentage at or above 1.5 mM). This suggests that the sensor can 
be used with a single calibration for the 14 days of use.

Conclusions: Measuring ketones in ISF using a continuous ketone sensor is feasible. Additional studies are required to 
evaluate the performance in intended patient populations, including conditions of ketosis and diabetic ketoacidosis.
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between 13 and 49 years have experienced at least 1 episode 
of DKA in the previous 3 months.9 Following the introduc-
tion of SGLT2 (Sodium-Glucose co-Transporter-2) inhibitor 
therapy for T2D and off-label use in T1D, incidents of eugly-
cemic diabetic ketoacidosis (EDKA) have been reported.10

Ketones produced during ketosis or ketoacidosis are water 
soluble ketones, namely, acetoacetate, β-hydroxybutyrate 
(BHB), and the spontaneous breakdown product of acetoac-
etate, which is acetone. In a setting of acidosis, acetoacetate 
is converted into BHB. With resolution of the ketoacidosis, 
BHB levels fall, with an increase in the conversion of BHB 
to acetoacetate that remains detectable in the urine.11 
Therefore, BHB is the primary ketone body that indicates the 
onset and resolution of a ketoacidosis and levels are com-
monly sampled over time in the critical care setting to help 
guide therapy.8

Currently, measurement of ketone levels is most fre-
quently performed using urine or blood ketone test strips.12 
Assays using blood are based on BHB utilizing nicotinamide 
adenine dinucleotide (NAD+) dependent β-hydroxybutyrate 
dehydrogenase (β-HBDH) enzyme.13 These measurements 
do not indicate the onset of ketosis or ketoacidosis, but rather 
confirm if ketosis or ketoacidosis is already in progress and 
may require medical attention. In real world clinical care, 
patients seldom check their ketone levels as recommended 
by the health care professional because of the lack of avail-
ability of the in-date strips at the time of need14 and the fin-
gerstick blood testing requires a conscious action by the 
patient. Under multiple scenarios, such as failure of insulin 
delivery, sick days, low carbohydrate intake, use of SGLT2 
inhibitors, high risk patients such as people with T1D, or 
recurring DKA, and so on, patients would benefit from a 
continuous ketone sensor. Further, continuous monitoring 
such as how glucose is measured, has been shown to provide 
real-time behavior feedback to help guide treatment deci-
sions.15 Measurement of analytes beyond glucose may pro-
vide additional information for self-management decisions, 
potentially reducing the incidence and severity of DKA and 
perhaps serving as a tool to inform those following a keto-
genic diet.

Lee et al. suggest that a multianalyte system incorporating 
a ketone sensor could provide an additional input to a closed 
loop system’s safety algorithm, warning of impending DKA 
to allow appropriate action to be taken.16 Attempts have been 
made to measure ketones continuously using a spectroscopy-
based approach and have demonstrated that this concept 
works in an animal model.17 A microneedle-based continu-
ous ketone sensor based on β-HBDH was demonstrated in a 
skin mimicking model.18

While it is feasible to build a continuous ketone monitor-
ing (CKM) sensor utilizing the well understood glucose sen-
sor process, the question remains whether a subcutaneous 
CKM sensor could accurately track changes in blood ketone 
levels over multiple days, specifically because the coenzyme 
(NAD+) of β-HBDH is a free molecule and difficult to 

immobilize. In this report, we demonstrate the feasibility of 
a subcutaneous CKM sensor, it’s in vitro performance and in 
vivo performance over 14 days with a single calibration.

Materials and Methods

Sensor System

The sensor used in this study has a structure and dimen-
sions similar to the glucose sensor described previously,19 
but it has been modified for ketone chemistry. It consists of 
a 3-electrode system, where the sensing electrode is poised 
at 40 mV against a silver-silver chloride reference elec-
trode. NAD+ dependent β-HBDH and a proprietary redox 
mediation chemistry containing osmium complex are 
deposited on the sensing layer to allow for selective oxida-
tion of BHB and transport of electrons from the enzyme to 
the electrode using the wired enzyme technology. An outer 
membrane limits the BHB flux to the sensor and forms the 
interface to the tissue. Proprietary manufacturing methods 
were used to control the area of the sensing layer on the 
working electrode and to control the thickness of the BHB 
limiting membrane.

The sensor system consists of a sensor and an applicator. 
The applicator used in the study is identical to that of 
FreeStyle Libre® applicator.20 The sensor measures BHB in 
the subcutaneous tissue and stores the ketone signal in its 
memory, which is transferred to a receiver. The data from the 
receiver were uploaded to a computer using a proprietary 
software for data processing. A single lot of ketone sensors 
was used for these in vitro and in vivo studies. The sensors 
were sterilized, and a negative endotoxin test was confirmed 
before releasing the sensor for in vivo studies.

In vitro Studies

The in vitro sensor sensitivity was measured by submerging 
16 sensors in a solution of 100 mM phosphate buffer at a 
controlled temperature of 37°C. Aliquots of 1 M ketone were 
sequentially injected into the solution to achieve the ketone 
concentrations: 1, 2, 3, 4, 6, and 8 mmol/L in the solution. 
The current from each sensor was monitored with a proprie-
tary potentiostat, and sensor sensitivity was quantified by the 
slope of a least square regression through the current versus 
ketone concentration. This sensitivity was used to generate 
calibrated sensor response for all in vitro studies. The 
response time of the sensor was calculated as the time 
required for the sensor response to change from 10% above 
baseline and to 90% of the plateau for each aliquot addition.

The stability of the sensor over the intended wear period 
was assessed under simulated conditions where 16 sensors 
were submerged in phosphate buffer with 8 mM of ketone at 
37°C for 14 days. The stability of the sensor response was 
measured by measuring the drift in the sensor response over 
the test period.
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The interference profile is expected to be similar to that of 
the FreeStyle Libre sensor since the mediator chemistry is 
identical to that of the FreeStyle Libre sensor, which is shown 
to have interference from ascorbic acid at high concentra-
tions.20 To assess the interference from ascorbic acid, 10 sen-
sors were tested under in vitro conditions in phosphate buffer 
at 37°C. The sensors were tested at 0.6 mM and 1.5 mM of 
ketone in solution. After the sensor signal was stabilized, 
ascorbic acid was introduced to achieve an ascorbic acid 
concentration of 2 mg/dL that corresponds to a peak plasma 
concentration after ingesting 1000 mg of ascorbic acid.21,22 
The change in sensor response after the addition of ascorbic 
acid was measured.

In vivo Studies

In vivo performance of the CKM was performed at a single 
clinical site in the United States (Sansum Diabetes Research 
Institute, Santa Barbara, California). The study enrolled a 
total of 12 volunteers to participate in the study. Study par-
ticipants were required to be on a low carbohydrate diet 
(ketogenic diet) and willing to remain on that diet throughout 
the study. Study staff applied 2 sensors onto the back of both 
upper arms for each of the study participants (4 sensors per 
participant), who wore the sensors for up to 14 days. Three of 
these sensors were functional CKM sensors and one of the 
sensors was a non-functional sensor whose sensing chemis-
try did not contain β- HBDH enzyme to measure in vivo 
background current. The sensors were activated using the 
reader and sensors started measuring the signal 60 minutes 
after activation. All sensor results were masked to the study 
participants. The study participants were required to perform 
8 daily fingerstick measurements using Precision Xtra ketone 
test strips, over the waking period, preferably upon waking, 
before each meal, an hour after each meal and at bedtime. 
The sensors stored the data for up to 14 days and were trans-
ferred to the reader by the study staff at the end of wear.

Data analysis. A background current signal model was 
developed using the data from the non-functional sensors 
from all study participants. Signals from each of the func-
tional sensors were first corrected with this background sig-
nal. A retrospective calibration for each sensor was derived 
by correlating the sensor current to the reference values. A 
sensitivity value was determined for each capillary ketone 
measurement as a ratio of the sensor current (corrected for 
temperature) to the capillary ketone value, that is, sensitivity 
= current/capillary ketone concentration. The sensitivity 
assigned to each sensor was the median of the individual 
sensitivity measurements for that sensor. To simulate no 
calibration by the user, no further adjustments were made to 
evaluate the accuracy over 14 days.

The accuracy assessments were conducted by comparing 
the sensor ketone results from each of the active sensors 
worn by the study participants to the capillary ketone 

reference results obtained by the Precision Xtra ketone test 
strips. At concentrations below 1.5 mM, the accuracy against 
the reference was calculated as mM, and at or above 1.5 mM, 
it was calculated as percentage. A split-level rule was applied 
consistent with glucose (test strips and CGMs) and on-mar-
ket ketone test strips. A concentration of 1.5 mM was used 
for split-level as it marks a high-risk ketoacidosis.23 The data 
presentation may need to be different depending on whether 
the intended use of the device is for medical indications or as 
a diet management product.

Results

The calibrated sensor response generated by the sensors at 
37°C with sequential addition of ketone aliquots is presented 
in Figure 1. The average coefficient of variation of the sensor 
response across the ketone levels is 5.0%. The sensor 
responded to the change in the ketone concentration within 
4 minutes (average response time is 228 seconds) of adding 
the ketone aliquots to the test solution. The sensors show a 
linear response against the ketone concentration (Figure 2) 
with a R2 = 0.9994.

The operational stability of the sensor under in vitro con-
ditions is presented in Figure 3. The sensor signal at 8 mM 
was stable over the 14 days with an average daily signal loss 
of 0.15% (total signal loss over 14 days is 2.1%). The inter-
ference from ascorbic acid when exposed to an ascorbic acid 
concentration of 2 mg/dL suggests that the sensor signal may 
change by no more than 0.2 mmol/L equivalent. This inter-
ference is independent of the concentration of ketone.

The clinical study included 11 female and 1 male partici-
pants with an average age of 32.3 (range: 20-51) years. One 
of the participants had T1D and the remaining participants 
were not PWD. None of the participants were taking SGLT2 
inhibitor. One of the participants was of Hispanic race while 

Figure 1. Change in the sensor response with sequential 
addition of ketone aliquots (solid line is the mean and shaded 
area is 1 standard deviation of the data from 16 sensors). Sensors 
were immersed in PBS at 37°C while aliquots of 1 M ketone were 
added to produce step responses: 1, 2, 3, 4, 6, and 8 mM.
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all other participants identified themselves as white. Average 
BMI was 24.3 (range: 18.6-30) kg/m2 with 7 of the 12 par-
ticipants having a BMI of <25 kg/m2. All participants self-
reported as practicing a low carbohydrate diet and none had 
DKA.

Out of 36 ketone sensors and 12 background sensors 
tested in the study, 31 ketone sensors and 11 background sen-
sors had evaluable data. The other 5 ketone sensors and 1 
background sensor failed to collect any valid data, due to 
device issues, and were therefore excluded from data analy-
sis. No other data were excluded from the analysis. There 
were no adverse events reported.

Figure 4 presents the response of the 3 functional sensors 
over the 14 days to ketone levels in the body for one of the 
study participants. All 3 sensors accurately track the capil-
lary ketone reference through the entire 14 days of wear.

A total of 3132 paired datapoints were collected from the 
study from the 12 study participants over the 14 days. The refer-
ence measurement ranged from 0-5.1 mM, with a median value 
of 0.6 mM. Figure 5 shows the correlation between sensor 

ketone results and reference values based on a retrospective sen-
sor calibration. The accuracy and bias results are summarized in 
Table 1. For reference ketone concentrations <1.5 mM, the 
overall MAD (mean absolute difference) is 0.129 mM with 
83.4% of sensor results within ± 0.225 mM and 91.7% of the 
sensor results within ± 0.3 mM of the reference. For reference 
ketone concentrations ≥1.5 mM, the overall MARD (mean 
absolute relative difference) is 14.4% with 76.0% of the sensor 
results within 20% and 89.7% of the results within 30% of the 
reference. For the full range of concentrations, the values are 
82.4% within 0.225 mM/20% and 91.4% within 0.3 mM/30% 
of the reference.

Discussion

Measuring urine or blood ketone levels using a strip-based 
technology has its limitations.16 It provides episodic infor-
mation that confirms an already ongoing ketosis or DKA 
event. Early identification of production of ketones may 

Figure 2. Plot of calibrated sensor response as a function of 
ketone concentration.

Figure 3. Change in sensor response (solid line is the mean and 
shaded area is 1 standard deviation of the data from 16 sensors) 
at 8 mM ketone held at 37°C for 14 days.

Figure 4. Response of 3 sensors simultaneously worn by 1 
subject with changing concentration of ketone in the body over 
the 14 days (336 hours). The reference ketone measurements are 
overlaid with the sensor responses.

Figure 5. Plot of ISF ketone values measured by the sensors 
against capillary ketone strip reference measurements. Number 
of Paired data points is 3132.
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warn of impending ketoacidosis that could reduce the com-
plications of DKA and perhaps even prevent it. Real-time 
continuous ketone monitoring could also help clinicians 
manage ketoacidosis. For individuals who are on low carbo-
hydrate diets, the sensor may serve as a tool to monitor the 
effectiveness of their diet and indicate the effect of diet or 
exercise on the ketone levels.

Blood ketone test strips typically have a measurement 
range of 0-8 mM. The appropriate measurement range for a 
ketone sensor is to be determined based on its use scenario. 
The in vitro performance of the sensor has been demon-
strated up to 8 mM, showing that the sensor responds linearly 
to the change in the concentration of ketone and with mini-
mal variation between sensors. In an in vitro setting, the sen-
sor responds to changes to the ketone concentration quickly, 
with a response time of less than 4 minutes across a measure-
ment range.

Unlike glucose, the baseline ketone levels are typically 
very low and calibrating the sensor at these concentration 
levels may not be effective. Therefore, operational stability 
is critical for a ketone sensor. Achieving operational stability 
for over 14 days for a NAD+ dependent chemistry is even 
more challenging as NAD+ is a free molecule, difficult to be 
retained in the sensing chemistry. Figure 3 shows that the 
operational stability of the sensor is very good with 2.1% 
signal change over 14 days.

The first human study of these ketone sensors demon-
strated that ISF ketone concentrations in the subcutaneous 
ketone can be measured with these sensors, which tracks the 
capillary ketone levels over a 14-day period. Typically, there 
is a difference between in vivo and in vitro sensitivity of the 
sensor because of differences in matrices, requiring calibra-
tion of the sensor for addressing this difference. A single ret-
rospective calibration was used for the assessment of the 
accuracy of the sensor with no further adjustments to the 
calibration over the wear period. From Figures 3 and 4, it can 
be determined that the sensor is stable over the 14-day period.

The data from the clinical study showed that 82.4% of 
sensor values were within 0.225 mM/20% and 91.4% within 
0.3 mM/30% of the reference. The ketone concentration 
range generated by our study participants from a low carbo-
hydrate diet was limited. Studies are required to evaluate the 
performance of the sensor across a wider range and including 
patients with DKA in hospitalized patients, specifically a 

critical care setting, such as emergency rooms, intensive care 
units, operation rooms, and so on.

The accuracy of any CKM sensors needs to be established 
against an independent plasma ketone assay. For self-moni-
toring of glucose using a blood glucose meter or a continu-
ous glucose monitor (CGM) sensor, there are performance 
standards and/or expectations.24-26 Currently, such perfor-
mance standards do not exist for a ketone sensor. Additional 
data from intended use population are required to develop 
appropriate performance specifications for the clinical utility 
of the CKM sensor.

CGM sensors are either factory calibrated or calibrated by 
the user at the time of use to achieve the required accuracy. 
Calibration of the CKM sensor by the user at the time of use 
is not feasible since the baseline ketone level is typically very 
low (<0.6 mM) which renders in vivo finger stick calibration 
impractical and challenging. Therefore, a prospective factory 
calibration is essential for a CKM sensor for real time moni-
toring of ketones. In order to establish a factory calibration, 4 
features should be present, (a) the sensor manufacturing pro-
cess should have minimal variation between sensors, (b) sen-
sors should be stable when stored, (c) sensor sensitivity 
should be stable during wear, and (d) sensors should demon-
strate minimal variability within and between patients.27 Once 
the expected accuracy performance requirements for CKM 
are determined, which may be dependent on the intended use, 
appropriate specifications to these features can be set. The 
feasibility of sensors with a low between sensor variability 
(5%) that are stable over the wear period has been demon-
strated. However, characterization of storage stability and 
within and between person sensitivity differences under con-
ditions of ketosis and ketoacidosis is required to determine 
whether a prospective factory calibration is achievable.

The medical or clinical utility of a CKM will require con-
siderations for most relevant data interface, such as presenta-
tion of the trend in ketone levels, which offers opportunity to 
use CKM technology to identify severity of DKA and when 
a medical intervention is required. In some applications, a 
stand-alone CKM may be adequate while for some others, 
the user may benefit from integration of the ketone function-
ality with other analytes such as glucose. This requires coex-
istence of 2 sensors or 2 chemistries in 1 sensor, and such a 
configuration should consider the dimensions of the result-
ing sensor system and its delivery to the subcutaneous tissue. 

Table 1. Accuracy of the ISF Ketone Sensor Results Compared to the Capillary Ketone Strip Reference. Accuracy and Bias Results for 
Ketone Concentrations <1.5 mM are in mM.

Concentration 
range

Percentage within 
0.225 mM/20%

Percentage within 
0.3 mM/30%

MAD/MARD 
Mean

Between subject 
SD/%CV

Within subject, 
SD/%CV

Number of paired 
data points

<1.5 mM 83.4% 91.7% 0.129 mM 0.051 mM 0.029 mM 2724
>=1.5 mM 76.0% 89.7% 14.4% 5.40% 7.46% 408
Combined 82.4% 91.4% 3132

SD is the standard deviation and CV is the coefficient of variation.



Alva et al 773

CKM technology for use in DKA may require clinical stud-
ies targeting enrollment in this disease state. Additional work 
is required to address these needs. Nonetheless, this article 
represents a significant milestone in sensing technology, 
because we have shown that an inserted sensor can feasibly 
measure analytes other than glucose in ISF.

Conclusions

Expansion of sensing technology to analytes other than glu-
cose will allow medical and lifestyle management of addi-
tional analytes of interest. Demonstration of feasibility of a 
ketone sensor is a significant step toward that goal. However, 
more work is necessary to evaluate the performance against 
independent plasma reference as well as demonstrate that 
these sensors will work effectively in conditions of diabetic 
ketoacidosis and in a wider dynamic range. A prospective 
calibrated system is required for real time monitoring of 
ketones. However, this first human study suggests that a con-
tinuous ketone sensor similar to continuous glucose sensors 
is achievable.
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