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The National Institute for Clinical Excellence (NICE) now recommends that
continuous glucose monitoring (CGM) be offered to adults and children with
diabetes who are at risk from hypoglycaemia. Hypoglycaemia is common in the
neonatal period, and is a preventable cause of poor neurodevelopmental
outcome, but is CGM helpful in the management of neonates at risk of
hypoglycaemia? Neonatal studies have shown that CGM can detect clinically
silent hypoglycaemia, which has been associated with reduced executive and
visual function in early childhood. Intervention trials have further shown CGM can
support the targeting of glucose levels in high-risk extremely preterm neonates.
In spite of significant advances in technology, including smaller sensors, better
accuracy and factory calibration, further progress and adoption into clinical
practice has been limited as current devices are not designed nor have regulatory
approval for the specific needs of the newborn. The use of CGM has the
potential to support clinical management, and prevention of hypoglycaemia but
must be set within its current limitations. The data CGM provides however also
provides an important opportunity to improve our understanding of potential risks
of hypoglycaemia and the impact of clinical interventions to prevent it.
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Introduction

Following early controversies regarding the use of continuous glucose monitoring

(CGM) in patients with diabetes, it has now become standard of care for many patients.

Recent NICE guidelines recommend that all adults and children with type 1 diabetes

should have access to CGM, along with some patients with type 2 diabetes who use

insulin or experience recurrent or severe hypoglycaemia (1). Hypoglycaemia is known to

be common in neonates with some infants considered at increased risk due to impaired

metabolic regulation (2, 3). Research studies using masked CGM have highlighted

significant periods of clinically silent exposure in both preterm (4, 5) and term neonates

(6, 7). This silent hypoglycaemia has been associated with worse executive function and

visual acuity in early childhood (8).

Given that hypoglycaemia is a frequent and often persistent finding in the neonatal

period the potential advantages of CGM for clinical care are not difficult to appreciate.

There is potential for real-time CGM to prospectively prevent hypoglycaemia in preterm

neonates (4, 9–11), those born to mothers with diabetes (12, 13), those affected by
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congenital hyperinsulinism (14, 15) or with hypoxic-ischemic

encephalopathy (16). However, there are significant practical

limitations as the equipment is not designed for neonatal use.

The more recent CGM systems with shorter warm up times,

smaller sensors, improved accuracy at lower glucose thresholds,

no need for calibration and longer lifespan have substantially

increased their applicability for neonates. The benefits appear

promising but there are significant limitations of its use and

challenges for future implementation. CGM is now being used by

some neonatal teams as part of standard of care for infants at

risk of dysglycaemia, particularly in prevention of

hyperglycaemia, but should it be used to manage babies at risk

of hypoglycaemia?
What is continuous glucose
monitoring?

Continuous glucose monitoring systems consist of an interstitial

glucose sensor, a transmitter, and a receiver that together provide the

ability to have a continuous real time glucose measurement over a

prolonged period (up to 10 days), without the need for repeated

blood sampling. The sensor is a fine disposable filament that uses

an oxidase-based platinum electrode, which catalyses interstitial

glucose. This generates an electrical current, dependent on glucose

concentration, which is transmitted to a monitor for real-time

display and storage as a specific glucose value. Although
FIGURE 1

Continuous glucose monitoring systems in situ in two neonates. Neonates w
Guardian in a preterm baby: (a) sensor, (b) transmitter, (c) monitor, (D) baby
inserter, (B) transmitter on a baby’s thigh, and (C) monitor. Figure reproduc
Kathryn Beardsall, continuous glucose monitoring in the management of neo
Journal of Clinical Endocrinology & Metabolism, Volume 107, Issue 1, Ja
under the terms of the creative commons CC BY license.
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measuring interstitial glucose, devices are calibrated to provide a

value equivalent to the blood glucose concentration, either by

factory settings, or through individual patient calibration with

intermittent blood sampling. Although in adults the sensors can

be placed on the abdominal wall and arms, in the neonate, with

limited subcutaneous tissue, the sensor is usually inserted on the

lateral aspect of the thigh (17). There are two main companies

whose CGM systems (with a number of different models) have

been used in neonates: Dexcom (SanDiego, CA, USA) and

Medtronic (Northridge, CA, USA) (Figure 1). However, neither of

them has been designed specifically for, or has obtained specific

regulatory approval for use in the neonate.
What are the potential benefits?

An early warning system—reducing silent
hypoglycaemia

In the setting of neonatal intensive care physiological

parameters such as oxygen saturation and carbon dioxide are

measured continuously, exposing trends that allow for a more

proactive and safer management. Current strategies for glucose

monitoring however, rely on intermittent blood sampling which

is often done infrequently to minimise the stress of handling and

blood loss, and consequently leaves prolonged periods between

glucose measurements.
ith continuous glucose monitoring in situ. Left panel showing Medtronic
with sensor in thigh. Right panel showing a Dexcom G4 with: (A) needle
ed from Myat Win, Rowan Beckett, Lynn Thomson, Ajay Thankamony,
nates with persistent hypoglycemia and congenital hyperinsulinism, The
nuary 2022, Pages e246–e253, https://doi.org/10.1210/clinem/dgab601
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CGM provides the clinical team with a continuous trend of

glucose concentration over time, allowing early detection of falling

levels and giving opportunities for early intervention. Alarms can

be set at specific patient thresholds for hypoglycaemia, as well as

trend alarms for rapid rates of change. It has been demonstrated

in a range of neonates that masked CGM can identify clinically

silent episodes of hypoglycaemia (Figure 2), and with real time

monitoring these episodes could be pre-empted and prevented

with appropriate management (10, 11, 13).
Personalised medicine

Availability of continuous glucose values has also highlighted a

high degree of variability of glucose levels in the population of sick

neonates (11, 18). This combined with the frequent changes of

drugs and infusion rates means that a one approach fits all does

not work. This is an ever-growing challenge, as paediatricians are

caring for increasingly preterm neonates in whom glucose

control is even more variable. Current clinical practice relies on

standard protocols for glucose control, and the use of insulin for

the management of hyperglycaemia, leads to an increased risk of

hypoglycaemia. In this setting CGM provides the opportunity for

more personalised care and the potential for a platform for

automatization that allows for intra and inter patient variability

over time (19). This has the potential to result in increased

patient safety, and a more efficient use of staff time (20).
FIGURE 2

Number of Hypoglycaemia episodes per patient in those with CGM and examp
episodes per patient detected by capillary blood glucose testing every 4 hou
Hypoglycaemia was defined as <50mg/dl (2.8 mmol/L), number of episode
Examples of hypoglycaemic episodes. Figure reproduced from Uettwiller F
continuous glucose monitoring reduces the duration of hypoglycemia epis
2015 Jan 15;10(1):e0116255. doi: 10.1371/journal.pone.0116255. PMID: 2
creativecommons.org/licenses/”Creative Commons CC BY license.
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Reduced interventions

Uettwiller et al. showed that real-time CGM reduced the number

of blood samples by 25% in very low birthweight neonates compared

to standard practice with intermittent glucose sampling (10). Reduced

interventions are associated with improved clinical outcomes, both

due to limiting blood loss and the effect of pain from heel pricks

(10, 21, 22). In fact, neonates have lower pain scores during CGM

sensor insertion compared to heel stick blood samples (11). Given

that once inserted the CGM system lasts up to 10 days, there is the

potential to considerably reduce pain exposure over time, through

more targeted and less frequent blood sampling.
What types of neonates may benefit?

Preterm

A number of studies using CGM in preterm neonates have shown

that CGM can increase the time spent in the euglycaemic range (2.6–

10 mmol/L, 47–180 mg.dl) (11, 23). The study by Thomson et al.

showed per cent time in the target range (sensor glucose 2.6–

10 mmol/L, 47–180 mg.dl) was greater with CGM than

intermittent blood glucose measurement (77% vs. 59%,

respectively) and it was highlighted that the CGM also detected

clinically unsuspected episodes of hypoglycaemia (23). In the

Galderisi study neonates in the unblinded CGM group had a

greater percentage of time spent in euglycemic range (median,
les of hypoglycaemic episodes Left panel (A): Number of hypoglycaemic
rs or from masked CGM data. Y-axis label modified from the reference.
s expressed as mean±SE p < 0.01 (Left panel). Right panel (B) and (C):
, Chemin A, Bonnemaison E, Favrais G, Saliba E, Labarthe F. Real-time
odes: a randomized trial in very low birth weight neonates. PLoS ONE.
5590334; PMCID: PMC4295867. Under the terms of the “https://
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84% vs. 68%, p < .001) and decreased time spent in mild (p = .04)

and severe (p = .007) hypoglycaemia compared with the blinded

CGM group (24). The study by Perri et al., showed that using

CGM alarms for stricter target thresholds of glucose control

(3.44–7.78 mmol/L, 62–140 mg/dl) combined with 33% dextrose

infusion, as needed, compared to the use of CGM set to more

conventional glucose thresholds (2.61–10 mmol/L, 47–180 mg/

dl) resulted in significantly less dysglycaemia (24). This

highlights the role of CGM in providing clinical teams with the

information to allow them to be proactive in management and

potentially prevent hypoglycaemia. In these preterm neonates

CGM has also been shown to be cost effective even in the short

time window of time to discharge (25).

CGM has been combined with artificial intelligence control

algorithms to create closed-loop systems, guiding either glucose

infusion (24) or insulin delivery (19). Galderisi et al. showed that

real-time CGM alarms can be coupled with a computer-based,

proportional-integrative-derivative control algorithm to calculate

the glucose infusion required. Use of CGM plus the glucose

infusion algorithm allowed for tighter control of the glucose

concentration (p < 0.001), without affecting the neonates’ growth

(24). In contrast Beardsall et al. (19) reported the use of a

closed-loop CGM-insulin delivery system in preterm neonates

between 48 and 72 h of life. The time spent with glucose

4–8 mmol/L (72–144 mg/dl) was significantly increased with the

use of the closed-loop system compared to manual insulin

delivery (p < 0.001). Importantly, despite all neonates in the

intervention arm receiving an insulin infusion, there were no

hypoglycaemic episodes and there was no difference in the total

insulin infused between study arms.
FIGURE 3

Glucose profile demonstrating fluctuating glucose levels in a neonate during
from Saha P, Beardsall K Perioperative continuous glucose monitoring in a pr
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Perioperative and transitioning onto feeds

Figure 3 demonstrates the glucose profile of a preterm neonate

undergoing surgery and highlights the potential benefits of CGM in

this setting where monitoring can be difficult and changes in rates of

fluid infusions can lead to rapid falls in glucose levels putting them at

risk of hypoglycaemia (26). For preterm neonates who are presumed

to be stable, tolerating intermittent feeds prior to going home, it has

been shown that when monitored with CGM, they demonstrated

significant dysglycaemia (5, 27). Forty percent of neonates born at

< 1000 g, studied at corrected gestation age of 32 ± 2 and 33 ± 2 weeks,

when considered clinically stable showed clinically silent

hypoglycaemia [sensor glucose (SG) < 2.5 mmol/L, 45 mg/dl] (5).
Congenital hyperinsulinism and persistent
hypoglycaemia

CGM has also been used as an adjunct to clinical management

of neonates with persistent hypoglycaemia and congenital

hyperinsulinism (CHI) (15). This study highlighted the rapid

fluctuations in glucose concentration in neonates with CHI

which makes management with traditional intermittent blood

sampling extremely challenging. These neonates are typically

managed with hourly heel pricks which is distressing for both

babies and carers. In a case study of a neonate with CHI, use of

CGM prevented severe hypoglycaemia through the use of a

personalised alert setting (14).
surgery for necrotising enterocolitis. Figure reproduced with permission
eterm infant. Case Reports 2018;2018:bcr-2018–224728.
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Hypoxic ischaemic encephalopathy

Neonates with hypoxic ischaemic encephalopathy (HIE) are also

at risk of hypoglycaemia which may compound ischaemic injury.

Masked CGM has been used in this cohort and shown

associations between dysglycaemia and worse neurodevelopmental

outcomes (16, 28–30). Implementation of CGM use as part of

clinical decision making in HIE has not been explored, and needs

to be preceded by validation of sensor accuracy during cooling. A

recent study shows that CGM accuracy is comparable in

normothermic and hypothermic conditions (31).
Late preterm and term neonates at risk

Studies usingmaskedCGM inneonates ofmotherswith both type I

and type II diabetes have uncovered significant periods of clinically

silent hypoglycaemia. The CONCEPTT neonate study collected data

on 16 mother and neonate dyads. Fifteen neonates had at least one

blood glucose (BG) concentration < 47 mg/dl (2.6 mmol/L), and 4

neonates spent > 50% time with SG < 47 mg/dl (2.6 mmol/L) in the

first 24 h after delivery, with a poor relationship between maternal

intrapartum and neonatal glucose control (32). Interventional studies

have not as yet been undertaken with this cohort of neonates.

Similarly large observational studies by the CHYLD team of term

and late preterm neonates at risk of hypoglycaemia, using masked

CGM, have shown an association between CGM-detected but

clinically silent hypoglycaemia and worse neurocognitive outcomes at

4.5 years of age (8). This however was not associated with a

significantly lower educational achievement at 9–10 years of age (33).

These studies showed that despite regular BG testing and a clinical

aim to maintain BG > 2.6 mmol/L (47 mg/dl), many neonates were

exposed to prolonged periods when the SG was < 2.6 mmol/L.

Furthermore, of the neonates who did develop hypoglycaemia (BG <

2.6 mmol/L, 47 mg/dl) 25% spent at least 5 h with SG < 2.6 mmol/L

(47 mg/dl), and nearly a quarter of neonates who were considered to

have normal BG levels by routine monitoring had episodes of

clinically silent hypoglycaemia. Developments however are needed to

provide diagnostic accuracy at the thresholds for hypoglycaemia in

neonates which are significantly lower than those used in adults, to

provide confidence in their use at this time (34). The potential to

support proactive monitoring of such at-risk neonates to prevent

hypoglycaemia vs. the potential to increase unnecessary interventions

and maternal and neonate separation requires further evaluation.
What are the device limitations for use
in the neonate?

Insertion

The manufacturers recommended methods of insertion and

inserters for devices cannot be used in some neonates due to the

limited subcutaneous tissue. In clinical studies hand insertion has

been shown to be effective but requires specific training (4).
Frontiers in Pediatrics 05
Devices designed for neonatal insertion would significantly

impact on the clinical utility of these systems.
Warm up time

Although the “warm up” or “wetting time” for sensors has fallen

dramatically in the last few years this means that glucose values are

not immediately available to the clinical team (35). Furthermore,

accuracy historically improved after the first 24 h after sensor

insertion (36, 37). Possible explanations for this include a local

inflammatory response and tissue microhaemorrhages post-

insertion (38, 39). This potentially limits their use in the late

preterm and term neonates who are considered most at risk in the

first day after birth. Sensors specifically developed for neonates

could potentially reduce the warm-up time and improve accuracy,

by limiting the post-insertion inflammatory response.
Point accuracy vs. trends

Point-accuracy compared to blood samples has historically

been used as a primary criterion for regulatory approval for

glucose monitors (40). It is measured as the mean absolute

relative difference (MARD), and typically, a MARD < 10% is

considered to indicate good performance. However, the reported

MARD for CGM tends to be relatively high (8.7% to 18%) in

neonatal studies (13, 41).

There are a number of physiological reasons for the differences

in CGM values compared to the “gold standard” blood glucose

values. Firstly CGM is measuring interstitial glucose not blood

glucose and there is a well-known lag time between glucose levels

in the blood and in the interstitial fluid (42). The diffusional

speed is dependent on multiple factors, such as the blood glucose

levels, the permeability of the tissue, the blood flow and the

circulating insulin and glucagon hormones (43). Recent advances

in CGM systems can reduce the lag to 2.1 ± 5.0 min for children

(44). The main clinical issue arises during times of rapid change,

with an increasing positive error during glucose drops meaning a

“delay” in detecting hypoglycaemia. However this needs to be

considered in the context of continuously available data in

contrast to the relative infrequent blood glucose measurements.

Timing of calibrations can also impact on accuracy. The

standard approach suggests calibration every 12 h, using a blood

glucose sample. Calibration of the CGM should ideally be done

during euglycaemia, with stable glucose readings. This is to avoid

calibration errors due to the diffusional time lag. However, there

is a tendency in clinical practice to undertake calibrations when

there is a clinical indication to take a blood glucose level,

typically during a hypoglycaemic event. Tiberi et al. (45)

compared calibration twice a day vs. three times a day, but this

did not improve sensor accuracy. This lack of effect of additional

calibrations could be explained by the calibration algorithms

used, whereby each blood glucose sample informs the CGM

value for the next 24 h. Furthermore, the devices used as the

comparative “gold standard” for measurement of blood glucose
frontiersin.org
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on neonatal units all have their own limitations of accuracy,

depending on the device model and methodology (46).

A number of more recent CGM models have factory calibration

settings so do not require blood glucose being taken for calibration.

This includes the stand-alone non-adjunctive factory-calibrated

FreeStyle Libre® (Abbott Diabetes Care, Alameda, CA, USA). The

accuracy of the FreeStyle Libre® was evaluated in neonates, and the

CGM values were significantly higher particularly in the first 3 h

post-insertion. However, only 37 pairs of glucose values were

available, and the MARD score was not reported (47). Assuming that

the accuracy of factory calibrated CGM systems can be improved and

validated for the neonate, they would be preferred, as they would

reduce the frequency of blood samples and the workload of the

clinical team. There are other factors that can lead to reduced point

accuracy over time including zero-mean error and drift but how

developmental maturity impacts on this has not been studied.

Having a low point accuracy can also lead to an erroneous

calculation of sensitivity for detecting hypoglycaemia. The MARD

score for hypoglycaemic values (2.8–3.9 mmol/L, 50–70 mg/dl) is

often higher than in euglycaemic values in patients with diabetes (48,

49). A recent systematic review concluded that the sensitivity of

CGM for detecting hypoglycaemia was low (34). This may partly be

due to the increased rate of change during episodes of

hypoglycaemia. Plus, any calibration errors will have a greater relative

effect for low glucose concentrations. Hence, detection of

hypoglycaemia using CGM should not rely on single comparative

values. Point accuracy is important; however, such assessment does

not address the potential clinical value of CGM in the setting of

intensive care: to provide trend information, rather than diagnostic

accuracy. Attempts have been made to define methodologies to

characterize the clinical safety/utility in the context of trend accuracy

analyses, using measures similar to the error grid plots used for point

of care devices, but these have not been widely adopted as they are

complex models and difficult to apply in clinical practice (50).
Long term outcomes

Although studies have shown the association between clinically

silent hypoglycaemia and worse neurodevelopment outcomes, and

the ability of CGM to reduce the risk of hypoglycaemia there are

currently no interventional CGM studies with long term

neurodevelopmental follow up. Current interventional studies are

limited by their size (51). Larger interventional studies will be

critically important in determining the overall health benefits of

CGM in the range of neonates at risk from hypoglycaemia.
The future use of CGM in neonatal
intensive care

Clinical studies have shown clear benefits in detecting and targeting

glucose levels in neonates most at risk from hypoglycaemia, but

appropriately powered studies are required to demonstrate long term

clinical benefits. Follow up of cohorts of children who were managed

with CGM as neonates such as the NIRTURE and REACT trials
Frontiers in Pediatrics 06
would be valuable in providing data on long term impact (4, 52).

With unbiased data collected every 5 min CGM is an important tool

in addressing the controversies over the optimal targets of glucose

levels in neonates and how to achieve them. A number of centres

with experience of CGM in the neonate are now using CGM in

specific patients, such as extremely preterm neonates and those with

persistent hypoglycaemia. However, it is important that more studies

are undertaken to establish impact on long term clinical outcomes.

Development of devices for the specific needs of the neonate,

including insertion methods and accuracy at low glucose thresholds,

would facilitate further studies to determine their optimal clinical use

and facilitate adoption into clinical practice.
Key messages

What are the practical considerations for
clinical use?

1. They are not designed or licensed for use in the neonate

2. The benefits relate to information on trends over time

3. They are not accurate enough for diagnostic testing

4. They are currently an adjunct to blood glucose monitoring not

a replacement

Which neonates may benefit?

1. Extreme preterm neonates with dysglycaemia

2. Neonates on insulin treatment

3. Neonates with persistent hypoglycaemia (congenital

hyperinsulinism, growth restricted neonates)
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