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Abstract

(Katsnelson G, Salvatori M, Djaiani G, Greer E, Tarshis J, Katznelson R. Safety and efficacy of continuous glucose monitoring
devices in individuals with diabetes undergoing hyperbaric oxygen therapy: a scoping review. Diving and Hyperbaric
Medicine. 2025 30 June;55(2):164—-172. doi: 10.28920/dhm55.2.164-172. PMID: 40544144.)

Introduction: Continuous glucose monitoring devices (CGMs) have emerged as an effective approach to optimise glycaemic
control for individuals living with diabetes mellitus. Despite CGMs offering improved patient satisfaction and quality of
life, they have been primarily validated for outpatient and home use. This has posed a challenge for patients and providers
who wish to incorporate CGMs into clinical settings such as hyperbaric oxygen therapy (HBOT). Those with advanced
diabetes mellitus who have diabetic foot ulcers that are refractory to treatment are among the most prevalent users of
HBOT. However, those who prefer to use their CGM during HBOT face uncertainty regarding the accuracy and safety of
their device under hyperbaric conditions.

Methods: The product specifications of commonly used CGMs were collated. In addition, a scoping review of the literature
was conducted where Medline, Embase, and Scopus were searched for reports that assess the accuracy or safety of CGMs
in hyperbaric conditions.

Results: The product specifications of commonly used CGMs by Dexcom, Abbott, Medtronic, and Senseonics demonstrate
a maximum validated pressure of approximately 106 kPa (1.06 atmospheres absolute). Our literature search identified
five reports, of which four focused on accuracy and one focused on safety of CGMs in hyperbaric conditions. Treatments
were conducted in multiplace chambers and cumulatively described 39 participants, of whom 12 have diabetes. Although
heterogeneous in nature, the reports generally supported the safety and accuracy of CGMs in hyperbaric conditions.
Conclusions: The safety and accuracy of using CGMs during HBOT warrants further investigation. CGMs have not been
validated for repeated exposure to hyperbaric conditions and should not be used in oxygen pressurised monoplace chambers
until further safety data is available. We provide practical recommendations for use of CGMs in multiplace chambers.

Introduction

Diabetes mellitus (DM) and its related complications
represent one of the most significant global health crises. In
North America, there are currently 50.5 million people living
with DM, reflecting an approximate prevalence of 14%.!
Glucose monitoring is an essential management tool and
has traditionally been accomplished with self-monitoring
blood glucose (SMBG). However, advancements in diabetes
care have made continuous glucose monitoring devices
(CGMs) increasingly effective for both short- and long-term
use. CGMs offer a user-friendly alternative to SMBG that

provides real-time glucose tracking and reliable reduction in
glycated haemoglobin (HbA1c) levels and hypoglycaemic
episodes. Indeed, the American Diabetes Association has
issued clinical practice recommendations and guidelines
ascribing benefits to CGM use for managing diabetes in
individuals on daily insulin therapy.>

The peripheral neuropathy, small vessel vasculopathy, and
impaired immune response that is characteristic of advanced
DM often results in complex diabetic foot ulcers (DFUs).>*
When unresponsive to conventional approaches, hyperbaric
oxygen therapy (HBOT) has been shown to accelerate the
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healing of DFUs and improve quality of life.>!! CGMs
are playing a growing role in managing DM, including
among those referred for HBOT. However, little is known
regarding how to best integrate CGMs in the hyperbaric
oxygen environment.

CGM DEVICES

The advent of CGMs represents a significant advancement
in the field of diabetes, enhancing glycemic control and
overall quality of life.'>!3 A CGM typically consists of
a wearable sensor inserted into the subcutaneous tissue
which automatically measures glucose levels in the
interstitial fluid and transmits this information to a nearby
receiver every 1-5 minutes for user interpretation. CGMs
aid in glycemic control by tracking glucose fluctuations
and providing alerts for rapidly changing glucose levels
and hypo- and hyperglycaemic thresholds. These alerts
not only help maintain glucose levels within a safe range
but also encourage lifestyle modifications by highlighting
deviations from individual glucose targets.'*!> Glucose
measurement methods vary depending on the sensor, with
electrochemical methods being the most commonly used.
Furthermore, one optical approach is currently in clinical
use.'® Presently available CGMs are developed by medical
technology companies such as Dexcom, Abbott, Medtronic,
and Senseonics.

Most modern CGM electrochemical sensors (Dexcom,
Abbott, and Medtronic) work through a glucose oxidase
enzymatic reaction.!” Oxidation of glucose leads to a transfer
of electrons to the sensor’s electrode, producing an electrical
current proportional to the glucose concentration in the
interstitial fluid."” The electrical current is then converted to
a glucose concentration that is displayed for the user. Current
Dexcom, Abbott, and Medtronic CGM devices are factory
calibrated, eliminating the need for daily calibration with
SMBG."® However, electrochemical sensors have lifespans
of 1-2 weeks beyond which their accuracy significantly
deteriorates.®

Optical sensing is a novel means of glucose detection first
brought to market by Senseonics. Their Eversense® E3
CGM device uses a fluorescence-based optical sensor to
measure glucose concentrations. This surgically-implanted
device consists of a microfluorometer within a capsule
coated with proprietary material that produces fluorescence
proportional to the glucose concentration in the interstitial
fluid."” The degree of fluorescence is converted into a glucose
concentration that is displayed for user interpretation. The
Eversense E3 CGM is the only device that can be left in
place for six months; however, it also requires calibration
with a SMBG every 12 hours.

It is important to note that interstitial electrochemical and
optical sensors indirectly measure blood glucose, which
makes them accurate only under steady state conditions.?
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Capillary glucose is shuttled into the interstitial fluid through
simple diffusion which creates a physiological lag time of
5.5 minutes between plasma and interstitial compartments
in healthy individuals at rest.”! This can lead to differences
in glucose values between the two compartments which
can be exacerbated during times of rapid glucose change,
such as in postprandial, exercise, or certain disease states.?
For instance, although there is significant inter-individual
and exercise specific variability, individuals with type 1
diabetes have been reported to have a lag time of 12-35
minutes during moderate to vigorous aerobic exercise.?>
The lag time may potentially impact the CGM’s analytical
performance, typically measured as the mean absolute
relative difference (MARD) which represents the difference
in measurement between the device and a reference standard.
Several studies have reported an increased CGM MARD
during various forms of activity, indicating a potential
decline in accuracy.”*?*?° Others have shown conflicting
evidence regarding CGM performance during exercise.**3!
As a result, guidelines and position statements have been
developed to clarify how CGMs can be used safely and
effectively during physical activity.?>*? Importantly, stimuli
that promote rapid glucose fluctuation can potentially have
a similar deleterious impact on CGM accuracy, predispose
patients to hypoglycaemia, and complicate carbohydrate
replacement and insulin dosing decisions.

USE OF CGMS IN HYPERBARIC OXYGEN
CONDITIONS

Diabetic foot ulcers refractory to conventional therapy
represent significant cohorts commonly referred for HBOT.
However, HBOT presents a unique set of conditions that
may impact the accuracy and safety of CGM devices.
It is unknown whether increases in pressure or oxygen
affect the function, reliability, and safety of CGMs. There
are currently no technical or clinical guidelines outlining
the appropriate use of CGMs among those undergoing
HBOT. As a result, we reviewed the product specifications
of commonly used CGMs and have conducted a scoping
review of the literature to explore the accuracy and safety
of CGMs for individuals undergoing HBOT. We have also
provided practical considerations which was informed by a
recently published expert consensus guideline regarding the
adaptation of CGMs to the hospital setting.*

Methods
PRODUCT SPECIFICATIONS

As part of a comprehensive review, we collated information
with respect to the product specification of commonly used
CGMs currently on the market. This data was obtained from
publicly available records from product monographs of
respective manufacturers’ websites. We have reviewed the
available information on Dexcom, Abbott, Medtronic, and
Senseonics websites. 8
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PROTOCOL AND SEARCH STRATEGY

To supplement the product specifications of current CGMs,
we mapped the available evidence regarding CGM use
in HBOT through a scoping review that conforms to the
PRISMA guidelines. The paucity of available literature
that explores CGM use in the context of HBOT guided our
decision to implement a scoping review approach. We have
reviewed the available literature from MEDLINE (Ovid),
Embase (Ovid), and Scopus (Elsevier) databases from
inception to 19 October 2024. Our search strategy consisted
of Medical Subject Headings (MeSH) and keywords related
to hyperbaric oxygen therapy and glucose monitoring,
with a complete version of the search strategy available
in *Supplementary File 1 (GK). We have also performed
a supplementary search of the literature by reviewing the
bibliographies of all included studies and searching Google
Scholar for any additional reports.

INCLUSION CRITERIA

The inclusion criteria consisted of peer-reviewed original
studies that reported on the safety or accuracy of CGMs
under hyperbaric conditions. Only full length randomised
controlled trials, cohort, cross-sectional, case-control, case
reports, case-series, and technical reports were included,
while commentaries, letters to the editor, editorials, abstracts,
and reviews were excluded from this study. Studies that
described at least one primary outcome were included in
this review: (1) CGM accuracy in hyperbaric conditions or
(2) safety of CGMs in hyperbaric conditions.

SCREENING AND DATA EXTRACTION

The studies were initially screened through title and
abstract by two independent reviewers (GK and RK).
Thereafter, full texts were screened by two independent
reviewers (GK and RK). Conflicts that arose were resolved
by mutual agreement. Data extraction was similarly
performed by two independent reviewers (GK and RK).
The screening and data extraction for this study was
conducted through the Covidence Systematic Review Tool
(https://www.covidence.org/). Data extracted included study
details (primary author and year of publication), patient
characteristics (number of participants, presence of diabetes,
CGM model), HBOT characteristics (treatment pressure,
duration of treatment, type of chamber used), as well as
variables related to the primary outcomes. A narrative data
synthesis was done using a qualitative approach due to the
limited number and heterogeneous nature of the reports
identified.

Results

The product specifications of commonly used CGMs are
available in Table 1. The operational temperatures for CGMs
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were from approximately 0°C to 45°C. The maximum
approved pressure is approximately 106.4 kPa (1.05
atmospheres absolute [atm abs]) across all devices. The
lifespan of the Metronic Guardian Connect is seven days,
Dexcom G6 and G7 are 10 days, Freestyle Libre 2 and 3
are 14 days, and the Senseonics Eversense E3 is six months.
The MARD of all devices ranged from 7.6% to 10.55%.
The measurement frequency for Dexcom G6, Dexcom G7,
Medtronic Guardian Connect, and Senseonics Eversense
E3 CGMs is every five minutes, while the Abbott FreeStyle
Libre 2 and 3 measure every minute.

After deduplication, our scoping review of the literature
identified 378 total number of reports (Figure 1). After title
and abstract screening, there were 15 studies remaining.
Once full text screening had concluded, six reports were
excluded because no CGM was used, one was excluded
because of incorrect study design, and four were excluded
because the full text was not accessible. One study was
identified in the secondary search of the literature. Five
studies ultimately underwent data extraction and are found
in Table 2.

STUDY CHARACTERISTICS

The five studies were published between 2012 and 2021
and involved a total of 39 participants. Twelve of the
participants had a diagnosis of DM, while the remainder did
not. The devices analysed include the Dexcom G4, Dexcom
G6, Minimed Medtronic Guardian Connect, and the iPro
Medtronic (with an Enlite sensor) CGMs. The treatment
conditions of included studies had significant variability with
respect to the pressure and duration of hyperbaric exposure.
Four of the studies explored multiplace chambers, while one
study did not report which chamber was used. Four studies
discussed CGM accuracy, while only one study addressed
the safety of CGMs during HBOT.

ACCURACY

In an unblinded study of 10 participants with DM undergoing
HBOT for two hours in a multiplace chamber (at unspecified
pressures), Baines et al.** found that venous serum samples,
capillary samples drawn with finger pricking, and the
glucose oxidase-based Minimed™ Medtronic Guardian™
CGM sensor demonstrated average glucose readings within
1 mmol-L! of one another. This accuracy was maintained
throughout the two hours which enabled real-time glucose
trends. In another study, Huang et al.*® assessed 26
participants without DM who were undergoing HBOT at
243 kPa (2.4 atm abs) in a multiplace chamber for 90 minutes
with five-minute air breaks every 30 minutes. They found that
the glucose oxidase-based Dexcom G6™ CGM device slightly
overestimated glucose readings when compared to both
glucose oxidase and dehydrogenase-based self-monitoring
devices. While the dehydrogenase-based glucometer had

*Footnote: Supplementary File 1 is available to download from https://www.dhmjournal.com/index.php/journals?id=356
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Table 2
Characteristics of included studies; “ISO guideline 15197: at least 95% of the values compared must have a maximum difference of 20% for glucose levels > 75 mg-dL"!

(4.2 mmol-L™") and within 15 mg-dL"' (0.83 mmol-L"') for values that are <75 mg-dL"' (4.2 mmol-L"'); HBO, — Hyperbaric oxygen; MARD — Mean absolute relative difference; NA — Not applicable;

NFPA — National Fire Protection Association; NR — Not reported; T1D — Type 1 diabetes; T2D — Type 2 diabetes

2/26 measurements inaccurate, thereby narrowly failing ISO guideline

-CGM slightly overestimated glucose relative to glucometers
0.2 mmol-L' glucose change in HBO, vs. normobaric air with CGM

-CGM within 1 mmol-L"! of capillary and venous samples
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conditions. Lastly, although not explicitly stated in their
report, Pieri et al’s* study was likely similarly conducted in a
multiplace chamber with hyperbaric air since the purpose of
the exposure was to validate the CGM device prior to scuba
diving. They found that in two participants with DM, the
Dexcom G4™ CGM was largely accurate with the exception
of two of 26 measurements which significantly deviated from
the reference standard. Besides having a treatment exposure
of 45 minutes, there was otherwise limited information
provided regarding the specific hyperbaric conditions.

SAFETY

One study explored the safety of CGM use in the hyperbaric
environment.” They found that the lithium-ion batteries
in the Dexcom G6 CGM device met the standards of
section 14.2.9.3.17.5 of the 2018 National Fire Protection
Association 99, and were deemed safe to use. However, this
safety assessment was done primarily through an evaluation
of the manufacturer’s design specifications, while formal
testing of this device was limited to a multiplace chamber
with maximum oxygen concentrations of 23.5%.%

Discussion

Evidently, the safety and accuracy of CGM use in the
context of HBOT warrants further investigation. The reports
identified in this review were heterogeneous with respect
to the sensor used, treatment conditions, and reported
outcomes. None of the studies explored CGM use in
monoplace chambers, nor did they consider repeated daily
exposures consistent with accepted HBOT clinical protocols.
However, the studies that assessed CGM accuracy generally
supported their use in the hyperbaric environment. The
only study assessing CGM safety in hyperbaric conditions
deemed it safe, but testing was limited to a multiplace
chamber pressurised with air. CGMs are only approved by
manufacturers for clinical use at pressures of approximately
106 kPa (1.05 atm abs), far below typical pressures during
HBOT. Furthermore, CGM safety and efficacy studies have
conventionally been conducted at room air (21% oxygen).

The questionable accuracy of CGM during HBOT may be
partially explained by the physiological changes that occur
during treatment. HBOT is known to acutely decrease blood
glucose concentrations, particularly in those with DM, 4648
Although the exact mechanism is poorly understood, the
implications are significant considering the decreased
accuracy of CGM devices under conditions of rapid glucose
flux. However, some studies have reported inconsistencies
regarding the effect of HBOT on glycaemia likely owing
to methodological differences. For instance, the type of
chamber, the pressure and duration of exposure, the glucose
detection approach, and the health status of participants
were variable across studies, which potentially confounded
the results.*>' Nonetheless, concerns about intra-chamber
hypoglycaemic crises have rightfully prompted many
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hyperbaric units to require minimum plasma glucose levels
for HBOT users.

Several studies have explored the accuracy of CGMs in the
context of recreational diving, a hyperbaric environment
in which a hypoglycaemic event could be life-threatening.
These results are limited to pre/post dive analytical
performance due to a lack of a feasible reference standard
during the dive itself.%>¢ Despite this limitation, there is a
general consensus that CGMs provide potentially valuable
information for risk reduction pre and post dive. However,
CGMs are only water resistant to a depth of around 2.5-3.5
meters which precludes their use during deeper dives.”’

The primary safety concern associated with using CGMs
during HBOT is the risk of fire. This risk is particularly
salient in monoplace hyperbaric chambers which are
pressurised with 100% oxygen. Battery powered devices,
especially those that are lithium-based, may present a source
of ignition in the chamber. In monoplace chambers, a fire
would have catastrophic consequences, endangering the
life of any occupant within the chamber and any medical
personnel in the area. Although a CGM was not used,
Tsouras®® conducted a study where the lithium battery-
powered Abbott Optium FreeStyle glucometer was found
to be safe in hyperbaric conditions at 23.5% oxygen or less.
Despite both Tsouras™ and Bliss et al.** supporting the safety
of lithium batteries in hyperbaric conditions, it is critical to
conduct appropriate testing in monoplace chambers due to
the increased risk that pressurised high fraction oxygen may
pose. Furthermore, patients may require up to 60 hyperbaric
treatments, which is why it is also necessary to test the
effects of repeated pressure cycling on the structural integrity
and safety of CGMs.>”® This assessment is of particular
importance for devices that are of longer lifespan, such
as the implantable Senseonics Eversense E3, which has a
lifespan of six months.

PRACTICAL CONSIDERATIONS

As CGMs continue to become more prevalent, hyperbaric
units should consider establishing clear guidelines that
communicate their policies on these devices. Many patients
are hesitant to revert to SMBG using finger pricking,
underscoring the need for detailed explanations. These
guidelines should highlight that none of the current CGMs
have been appropriately tested at clinically relevant pressures
during repeated hyperbaric sessions, and the accuracy of
these devices has not been appropriately validated after
single or serial exposures to pressure. CGMs contain
batteries that should not be allowed in the enriched oxygen
environment of monoplace chambers due to the increased
fire hazard they pose. Furthermore, surgically implanted
CGMs which have extended lifespans may pose greater
safety risks due to the unknown effects of pressure cycling
on the device structure and performance. As a result, their
use in hyperbaric conditions should be discouraged until
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Figure 2
Sample informed consent agreement form for clinical HBOT use
of CGM devices

1 currently have a continuous glucose monitor (CGM) in place
and wish to maintain this device during my hyperbaric oxygen therapy (HBOT) sessions. | understand
and agree to the following:

1. My CGM device will only be permitted to be used in a multiplace chamber (not monoplace).

2. I have a self administered CGM (not a surgically implanted CGM).

3. I may continue to wear my CGM during my HBOT session, but my blood glucose will also be
monitored using a hospital-approved blood glucose meter and treatment decisions will be based
on these results.

4. | will keep a back-up supply of all CGM supplies including sensors and dressings in the event a
change is required.

5. I'will change the CGM sensor in keeping with the device instructions, making sure that the
sensor is replaced prior to the maximum lifespan is reached.

6. 1 will notify a hyperbaric provider immediately if my CGM indicates my glucose reading is
trending out of target (too high or low) so that my blood glucose can be tested to confirm the
trend and appropriate treatment can be initiated according to the prescriber’s order.

7. 1 will allow my hyperbaric provider to assess the sensor during every appointment, including
before and after the HBOT session.

8. Any of my CGM supplies stored by hyperbaric staff will be returned to me prior to my discharge
from the clinic.

By signing below, | acknowledge that | have read, understood, and agreed to the above and that all
of my questions have been answered.

Patient signature:

Health care provider name:

Health care provider signature:

Unit/service:

Date:

Time:

more data on their accuracy and safety becomes available.
If patients wish to use their self-administered CGM in a
multiplace chamber pressurised with air, then a detailed
risk-benefit discussion should be documented both verbally
and in writing. A sample written consent form, provided as
a template, is shown in Figure 2.

Care must be taken to avoid inadvertent wearing of CGMs
during monoplace treatment. Patients may sometimes forget
they are wearing one particularly if it is surgically implanted
or if it is a skin colored self-administered CGM. Adding
a CGM assessment as part of a pre-treatment checklist is
recommended. The hyperbaric team may want to review the
history of the CGM readings to determine the glucose control
of each patient, including daily variations, and carefully
monitor higher risk patients for early hypoglycaemic
symptoms during treatment.

Device manufacturers should be encouraged to perform
tests of their devices in hyperbaric environments, similar to
what has been done by some manufacturers for implantable
pacemakers.*®® These tests are relevant for both hyperbaric
oxygen therapy and for recreational diving, with the latter
requiring additional evaluation of water resistance.

Conclusions

This report highlights the need for more high-quality studies
and consensus guidelines to define the reliability, safety,
and logistics of CGM use during HBOT. Based on current
data, the accuracy of CGMs has not been validated under
hyperbaric conditions during repeated HBOT sessions.
Furthermore, CGMs should not be allowed in monoplace
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chambers pressurised with oxygen due to potential fire
hazard. The risks and benefits of CGMs in multiplace
chambers should be discussed with patients who have an
interest in using their CGM during HBOT. Regardless,
CGMs should complement but not replace routine glucose
monitoring applied for individuals with DM undergoing
HBOT.
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