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Abstract 

Background and Aims 

Traditional monitoring of diabetes has been through HbA1c measurement and finger-prick self-

monitoring of blood glucose. More recently continuous glucose monitoring has been developed and 

utilised in clinical practice. This provides more detailed glucose metrics to examine glycaemic control and 

overcomes limitations associated with HbA1c and self-monitoring such as missed variability and collection 

bias. 

Patients with Type 1 and Type 2 Diabetes may develop pancreatic exocrine insufficiency and 

treatment with pancreatic enzyme replacement may impact upon glycaemic control. There are limited 

data to substantiate this and no studies have employed continuous glucose monitoring. In Gestational 

Diabetes, tight glycaemic control is essential and optimum management relies on the availability of 

adequate glucose results. Continuous glucose monitoring is not routinely used in Gestational Diabetes, 

but may provide a useful tool for glycaemic monitoring. Studies were undertaken in these two scenarios 

to examine the utility of continuous glucose monitoring. 

 

Methods 

Study 1: Participants with diabetes and pancreatic exocrine insufficiency were recruited to this 

single-arm phase IV trial. Participants undertook 14-days of blinded continuous glucose monitoring with 

baseline symptom questionnaire, HbA1c and weight measurement. Following pancreatic enzyme 

replacement therapy for six weeks, repeat 14-day blinded continuous glucose monitoring, questionnaire, 

HbA1c and weight measurement were recorded. Primary outcome was glucose variability.  

Study 2: Women with gestational diabetes were recruited to this randomised controlled trial at 

28 weeks gestation. All participants undertook 14 days of baseline blinded continuous glucose monitoring 

before randomisation to either self-monitoring or real-time continuous glucose monitoring. Further 

blinded continuous glucose monitoring was repeated prior to delivery. Primary outcome was number of 

glucose tests performed by participants. 

 

Results 

Study 1: 19 participants were recruited. There was no significant difference in glucose variability 

pre and post pancreatic enzyme replacement therapy (p=0.354). There were no significant differences in 

any glucose metrics or HbA1c after pancreatic enzyme replacement therapy. However, there was a 

significant improvement in abdominal pain, diarrhoea and bloating symptoms. 

Study 2: 40 women were recruited and randomised. There were significantly more glucose tests 

performed by women using continuous glucose monitoring than those using self-monitoring during 

pregnancy (p=0.001). There were no significant differences in glucose metrics or adverse maternal or 
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foetal outcomes between the two arms. Women in the continuous glucose monitoring arm reported 

significantly higher satisfaction than those using self-monitoring in six out of nine categories questioned 

(all p=<0.05). 

 

Conclusion 

Continuous glucose monitoring can be valuable, providing a reliable insight into previously 

undetected glycaemic patterns and provides additional information beyond HbA1c and self-monitoring. 

It is a useful tool to promote glucose monitoring in gestational diabetes. Pancreatic enzyme replacement 

has been shown to significantly improve symptoms of pancreatic exocrine insufficiency in patients with 

diabetes, without adverse changes in glycaemic control following initiation. 

These studies demonstrate the ease of use and transferrable application of continuous glucose 

monitoring with the potential to better examine glycaemic control, improve patient satisfaction and aid 

management. 
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1. Introduction 

1.1. Diabetes 

1.1.1. Aetiology and Pathophysiology 

Diabetes mellitus is a metabolic disorder of hyperglycaemia typically characterised by either a 

deficiency of insulin or resistance to insulin, or a combination of both (1). In the UK, approximately 6% of 

the population is diagnosed with diabetes. 

In normal physiological states, insulin is released by the islet cells in the pancreas, stimulated by 

the production of glucagon-like-peptide-1 (GLP-1) and glucose-dependent insulinotropic hormone (GIP) 

(together known as incretins) by the endocrine cells in the small bowel mucosa in response to 

carbohydrate and lipid presence in the proximal gastrointestinal tract. This insulin release by incretins is 

therefore glucose-dependent. This response to oral glucose is termed the incretin effect, and accounts 

for at least half of the total insulin secreted (2). Systemically circulating insulin regulates transport of 

glucose from blood into cells, such as in skeletal muscle and adipose tissue, for storage and use as an 

energy source. In diabetes, high levels of glucose circulates in the blood but is unable to be utilised for 

energy or storage in muscle and adipose tissue, leading to typical symptoms of hyperglycaemia, metabolic 

derangement and other complications (1). In addition to glucagon and somatostatin secretion by the 

pancreas, the regulation of insulin forms the endocrine pancreatic function. 

There are a number of recognised complications of diabetes that result from prolonged exposure 

to hyperglycaemia including macrovascular complications (atherosclerosis and cardiovascular disease) 

and microvascular (neuropathy, nephropathy and retinopathy) (1,3,4). 

 

1.1.2. Classification of Diabetes 

1.1.2.1. Type 1 Diabetes 

Type 1 diabetes (T1DM) is characterised by autoimmune destruction of pancreatic beta islet cells 

resulting in absolute deficiency of insulin. T1DM accounts for approximately 5-10% of all cases of diabetes 

(1). 

 

1.1.2.2. Type 2 Diabetes 

Type 2 diabetes (T2DM), in contrast, is associated with insulin resistance, often with a degree of 

insulin deficiency and beta cell failure. The cause of T2DM is more varied and multifactorial, with both 

lifestyle and genetic factors contributing. It is also associated with other abnormalities including increased 

lipolysis, a reduced incretin effect, increased hepatic glucose production and hyperglucaconaemia, 

forming what has come to be known as the ominous octet, along with increased renal glucose 
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reabsorption and potential neurotransmitter dysfunction and cerebral insulin resistance (5). 

Approximately 90% of patients with diabetes have T2DM (6–8). 

 

1.1.2.3. Type 3 and Other Diabetes 

Diabetes may also develop due to other reasons. These are classified as Type 3 diabetes, and are 

grouped together depending upon the underlying aetiology (see Table 1). 

 

Table 1 Classification of Type 3 diabetes 

Type Aetiology 

Type 3A Genetic defects of beta-cell function, including monogenic diabetes (MODY) 

Type 3B Genetic defects in insulin action 

Type 3C Diseases of the exocrine pancreas, including pancreatitis, malignancy, cystic fibrosis, 

haemochromatosis 

Type 3D Endocrinopathies, including Cushing’s syndrome, acromegaly, glucagonoma 

Type 3E Drug or chemical induced, including glucocorticoids, diazoxide, beta-blockers, 

thiazide diuretics, pentamidine 

Type 3F Infections, including congenital rubella and cytomegalovirus 

Type 3G Uncommon forms of immune-mediated diabetes 

Type 3H Other genetic syndromes, including Down syndrome, Klinefelter syndrome, Turner 

syndrome 

 

1.1.2.4. Diagnosis 

The different types of diabetes, particularly Type 1 and Type 2 diabetes, but also including the 

rarer Type 3 classifications, are often easy to distinguish in a patient. However, this is not always the case, 

and there can be diagnostic uncertainty and challenges in determining the diagnosis in an individual 

patient. This can particularly be the case when a patient exhibits a mixture of presenting features and 

phenotypes that might be expected in either Type 1 or Type 2 diabetes. In this situation, antibody testing 

and c-peptide levels may be utilised to aid diagnosis. Challenges can also arise when identifying Type 3C 

diabetes, where an accurate history of underlying or pre-existing pancreatic disease, or social history such 

as alcohol intake, is vital. However, it is not always clear even with this history, and there may be patients 

with an undetermined or unclear classification of diabetes. Indeed, there may be individuals where the 

diagnosis label is not a true reflection of their diabetes, due to a number of factors, such as missing 

information available at diagnosis, or a mixed or misleading presentation, or underlying pancreatic 
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disease that has not yet become apparent clinically, and it has been suggested that Type 3C diabetes may 

be under-recognised and mis-classified as Type 2 diabetes (9).  

 

1.1.2.5. Gestational Diabetes 

Gestational diabetes (GDM) is defined as hyperglycaemia or impaired glucose tolerance that 

develops during pregnancy (10). Each year in England and Wales up to 35,000 women who have diabetes 

(either pre-existing or gestational) give birth. The majority of these women have gestational diabetes, 

estimated to be 87.5% (11). 

GDM is becoming more common due to increased levels of obesity and increased age of pregnant 

women (11). Diagnosis of GDM is based upon risk assessment and screening of pregnant women with risk 

factors. These risk factors include: body mass index (BMI) over 30kg/m2, previous GDM, previous baby 

weighing ³4.5kg or above, family history of diabetes and ethnic family origin with a high prevalence of 

diabetes (11). Additional risk factors have been identified locally by the Portsmouth Hospitals NHS Trust 

(PHT) Joint Diabetes and Antenatal Clinic (JDANC), including polyhydramnios and known polycystic 

ovarian syndrome, and these women would also be invited for screening. Screening usually takes place 

around 24-28 weeks gestation, or earlier if there is a history of previous GDM. 

 

 

1.1.3. Diagnosis of Diabetes 

T1DM is typically diagnosed when a patient presents with symptoms of hyperglycaemia such as 

thirst, tiredness and weight loss, which usually present acutely. Conversely, T2DM may remain 

asymptomatic for some time and may be diagnosed incidentally, through screening or other routine 

testing. Diagnostic testing uses one or more of the following; fasting plasma glucose (FPG), oral glucose 

tolerance test (OGTT) and glycated haemoglobin (HbA1c) (8). 

Internationally agreed diagnostic criteria for diabetes are either FPG value of ³7.0mmol/l, 2-hour 

post OGTT value of ³11.1mmol/l or an HbA1c value of ³48mmol/mol (12). HbA1c is a marker of glycaemic 

exposure over 2-3 months and therefore an HbA1c of less than 48mmol/mol does not exclude a diagnosis 

of diabetes; in the case of T1DM, which typically has a rapid onset, occasionally this may not be elevated 

at the time of presentation (1,13). 

OGTT using 75g carbohydrate is recommend as the screening test for GDM. The National 

Institute for Health and Care Excellence (NICE) recommends that GDM is diagnosed if a woman has either 

FPG ³5.6mmol/l or 2 hour post OGTT ³7.8mmol/l. HbA1c is not currently recommended or used routinely 

in the UK for diagnosis of GDM (11). 
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1.1.4. Treatment 

Treatment of diabetes depends upon the underlying aetiology. T1DM treatment always requires 

insulin therapy, in addition to an individualised multidisciplinary care plan, dietary advice, support and 

education. The choice of insulin and the regime should be made with the patient; the recommended first-

choice should be multiple daily injection (MDI) basal bolus regime rather than mixed insulin (8). 

In T2DM, the stage at which a patient is diagnosed, the degree of hyperglycaemia, the presence 

of any complications and individual patient characteristics will influence therapy choice. T2DM can initially 

be treated with diet and lifestyle modification. Additionally, oral anti-diabetic agents with varying 

mechanisms of action can be added in. As the disease progresses, patients may be commenced on insulin 

or other injectable anti-diabetic agents (8). 

All women are advised to trial diet and exercise as initial therapy for GDM, however if the fasting 

glucose at diagnosis is 7.0 mmol/l or above, or 6.0-6.9 mmol/l with foetal complications such as 

macrosomia at diagnosis, metformin or insulin may be considered at this initial stage in addition to dietary 

change (11). Treatment options should be based on the glucose profile and patient’s preference. 

Metformin is usually offered as first line if glucose levels remain high despite diet and exercise. Insulin 

may then be considered if either metformin is inadequate, or is not tolerated. Insulin regimens offered 

will vary depending on the individual glucose profile, but typically consist of the use of short acting insulin 

analogues such as Novorapid or Humalog at mealtimes, or a long acting insulin such as Insulatard or 

Humulin I once or twice a day, a combination of these, or a mixed insulin such as Novomix 30. Doses 

frequently need to be titrated up in response to rising glucose levels as the pregnancy progresses. 

 

 

1.1.5. Management and Monitoring 

1.1.5.1. Type 1 and Type 2 Diabetes 

Routine daily glucose control is traditionally managed by undertaking finger-prick tests of 

capillary blood with a handheld glucometer, known as self-monitoring of blood glucose (SMBG). This is 

undertaken by all T1DM patients and some of those with T2DM, typically those on insulin and oral agents 

that are associated with hypoglycaemia. Typically the advice in T1DM is to perform SMBG at least 4 times 

per day (8), though this may vary with individualised care plans and patient choice and is frequently higher 

(8). 

SMBG is intended for patients to self-manage their diabetes on a daily basis, however the results 

can also be reviewed in diabetes healthcare professional consultations in order to provide a more in-

depth and personalised view of glucose control and to optimise treatment. One such method of reviewing 

these is through the use of Diasendâ. This is a cloud-based subscription platform that enables SMBG data 

to be downloaded from a glucometer by patients or clinicians by plugging the glucometer into a physical 
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Diasend hub typically located within a clinic centre. This data is then available for review via a secure 

website (https://diasend.com//en). 

HbA1c is very commonly used for monitoring purposes in diabetes review consultations in both 

T1DM and T2DM. It forms the basis of NICE management recommendations; to aim for a target HbA1c 

£48mmol/mol in order to minimise the risk of long-term complications (8). High HbA1c levels are linked 

to higher risk and progression rate of microvascular complications and myocardial infarction, as 

demonstrated in both the Diabetes Control and Complications Trial (DCCT) for T1DM and UK Prospective 

Diabetes Study (UKPDS) for T2DM (3,4).  

 

1.1.5.2. Gestational Diabetes 

Following diagnosis of GDM, the NICE guidelines recommends that women are seen in a joint 

diabetes and antenatal clinic within 1 week. All women should be referred to a dietician. The glucose 

target levels are the same in GDM as for pregnant women with pre-existing diabetes and all women will 

be advised to keep their glucose levels to below the targets, ‘if this is achievable without causing 

problematic hypoglycaemia’ (11). The targets used in Portsmouth are fasting £5.5 mmol/l and 2 hours 

post-prandial £7.5 mmol/l. In order to achieve these targets women are advised to perform SMBG 6 times 

per day; pre-prandially and 2 hours after each meal. Whilst these glucose targets differ slightly from those 

in the NICE guidelines, they have been in use in PHT for many years with excellent maternal and fetal 

outcomes, demonstrated by annual departmental audit. Unlike for pre-existing diabetes in pregnancy, 

there is no national audit which collects data on outcomes in pregnancies complicated by GDM, so whilst 

it is not possible to directly compare the performance in PHT with current national outcomes, the PHT 

JDANC were national finalists for the Quality in Care Diabetes Award in 2018, which is a prestigious award 

programme that ‘recognises, rewards and shares innovative practice that demonstrates quality in 

diabetes management, education and services for people with diabetes and their families’ (14), for their 

performance with women with GDM, demonstrating these excellent outcomes.  

Women are followed up regularly, typically every two weeks, by the diabetes team, in addition 

to their obstetric and midwifery care schedule. Additional scans are offered as per NICE guidance for 

women with pre-existing or gestational diabetes timeline (11). 

During labour or caesarean section, glucose levels are monitored regularly, and a variable rate 

insulin infusion is commenced if required, though this is rarely necessary. 

 

1.1.5.3. Limitations of Traditional Glucose Monitoring 

The mainstay of diabetes management has traditionally been to minimise glucose exposure, 

assessed by HbA1c and SMBG in order to minimise the risk of developing complications, as shown by the 

DCCT in 1993 and UKPDS (3,4). This is in conjunction with minimising hypoglycaemia events with are 

associated with unpleasant neuroglycopenic and autonomic symptoms as well and life threatening 
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reduced conscious level that can be particularly hazardous during certain activities such as driving (15). 

More recently there has been growing evidence that hypoglycaemia has also been associated with 

increased morbidity and mortality, related to both the neurological effects of severe hypoglycaemia and 

to cardiovascular events including cardiac ischaemia, arrhythmias and other vascular complications (15). 

HbA1c provides a useful marker of glycaemia exposure over time. It has been linked to reduction 

in complications and forms the basis of treatment targets set by NICE for both T1DM and T2DM (8). 

However, much day-to-day and within-day glucose variability is missed by HbA1c levels (16). Patients with 

similar HbA1c levels can have very different daily glucose patterns, including frequency of hypoglycaemia, 

as demonstrated in Figure 6 and Figure 7. This variability is also frequently missed with SMBG where, for 

example, four tests per day can provide only a snapshot of glucose levels at given points in time, missing 

much of the pattern of glucose levels over the 24hour period including key periods such as post-prandial 

and nocturnal excursions. Indeed, the choice of timing or even whether an SMBG test is carried out at all 

is inextricably linked to patients’ choices, engagement, compliance, understanding, psychology and 

lifestyle (17). Patients may find it inconvenient or embarrassing to test in the company of others, leading 

to reduced testing for example at work or socially. Furthermore, some patients may be disinclined to 

perform a finger-prick if they suspect they have a particularly high or low glucose level, and they may not 

wish to see proof of an aberrant level, or may simply take corrective action based on intuition. When 

SMBG levels are subsequently reviewed by a healthcare professional in a consultation setting, there is an 

inherent collection bias. This is further discussed in section 1.2.2. Other limitations of SMBG include 

physical aspects, relating to the pain and discomfort caused by both the lancet immediately upon 

performing a finger-prick test and the long-term accumulative discomfort in the fingertips resulting from 

years of testing. The equipment required to perform SMBG, in particular the testing strips, can be costly 

and there may be reluctance for patients to be dispensed large quantities at a time, with the potential 

consequence that patients may at times not have adequate supplies to perform the desired number of 

tests. In summary, SMBG remains limited by a number of factors including patient behaviour and 

engagement, lack of compliance, collection bias and therefore much glucose variability remains 

undetected (18). 

Whilst the evidence linking glucose variability with poorer clinical outcomes and development of 

diabetes complications is limited, particularly in comparison to that available for HbA1c, there is 

increasing evidence in recent years demonstrating an association between increased variability and 

adverse outcomes. 

Glycaemic variability has been shown to predict the risk of severe hypoglycaemia, which is known 

to be associated with (19) complications and vascular mortality (15,20). In addition, whilst it is known that 

hyperglycaemia results in increased oxidative stress damage to endothelia, it has also been shown more 

recently that short-term fluctuations in hyperglycaemia may induce greater oxidative stress damage than 

chronic stable hyperglycaemia (21). Whilst full causation and the clinical implications of this are yet to be 

established in largescale studies, this is likely to result in increased risk of vascular complications of 

diabetes. This is demonstrated in a number of studies that have shown increased cardiovascular mortality 
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following myocardial ischaemia in patients with higher glucose variability (22) as well as other studies 

demonstrating a strong association between glycaemic variability  and mortality in the elderly and long-

term cardiovascular risk and atherosclerotic disease (23). 

The direct causative impact of glucose variability versus an association with outcomes remains 

controversial (24,25), and is combined with a lack of consensus on the preferred measure of variability 

(26) and definition (20), but is an area of ongoing research with much focus and interest (24,25,27). This 

demonstrates the limitations that both HbA1c and SMBG play in enabling optimal management of 

patients with diabetes. It also opens up the possibility of utilising measures of glucose variability as a 

clinical target for managing diabetes, both at a healthcare professional consultation level but also, 

potentially, on a day-to-day patient level, and therefore identifying what causes glucose variability and 

addressing how individuals may be able to reduce glucose variability can be an addition useful tool. 

Glucose variability measures and clinical targets are discussed in more detail in section 1.2.2.1. 

 

 

1.2. Continuous Glucose Monitoring 

1.2.1. Continuous Glucose Monitoring Technology 

Continuous glucose monitoring (CGM) is a relatively new technology that provides an alternative 

method of measuring glucose levels with a much greater frequency of glucose readings than is typically 

available with SMBG, thereby providing insight into previously missed patterns of glucose control. 

Within the last decade, there have been several continuous glucose monitoring (CGM) devices 

developed and brought to market that are used by patients with diabetes, predominantly for T1DM (28). 

These devices measure interstitial glucose levels, rather than blood glucose levels, through a small 

filament that is inserted subcutaneously. There are a number of different manufacturers with some 

similarities between them. They measure glucose levels at short intervals, usually between 1 to 5 minutes 

but can be up to 15 minutes, as in the Freestyle Libre system; different features include the ability to 

communicate with pump technology, the requirement for calibration or not, and the ability to send alerts 

to the wearer. Devices can also be real-time or retrospective.  

The Abbott Freestyle Libre Flash Glucose Monitoring Sensor is a real-time flash glucose 

monitoring system, rather than a true CGM device, and is often referred to as iCGM, referring to the 

intermittently scanned nature of this system. It does not provide true real-time glucose trends without 

scan, or a ‘flash’, of the reader over the sensor, which is in contrast to other CGM devices which transmit 

real-time readings continuously and which can provide alarms or alerts at certain glucose levels (28). 

The Freestyle Libre device is factory calibrated and therefore does not require calibration with 

SMBG (29). As shown in Figure 1 the sensor unit consists of a thin filament sensor, which is inserted 

subcutaneously, attached to an adhesive patch (29). This is applied using an applicator device and is 
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scanned by a handheld reader to provide a glucose reading, as shown in Figure 2, Figure 3 and Figure 4. It 

is worn by patients for 14 days. Abbott also manufacture a retrospective glucose monitoring system, the 

Freestyle Libre Pro (30), which is very similar but cannot be scanned in real-time by patients; rather the 

sensor is worn for 14 days and is blind to patients, and results will be available once downloaded by a 

healthcare professional at the end of this period, and which can facilitate the understanding of 

unexplained glycaemic variability. The sensor appears identical to that of the standard Libre sensor shown 

in in Figure 1. Sensors from both systems are discarded after each individual use, and cannot be reapplied 

even within the initial 14 day period. Both the Freestyle Libre and Freestyle Libre Pro have applications in 

clinical practice as well as in research. When referred to in this text, the term CGM is used to encompass 

both the Freestyle Libre flash or iCGM system as well as the Freestyle Libre Pro system. 

 

 
Figure 1 Freestyle Libre sensor 

 
Figure 2 Freestyle Libre application 

(31) 

 
Figure 3 Freestyle Libre sensor in 

situ (32) 

 
Figure 4 Freestyle Libre sensor 

scanned by reader (33) 

The Freestyle Libre sensors detect glucose levels in the interstitial fluid using a polarised three 

electrode system with enzymatic amperometric measurement. The electrode is coated with glucose 

oxidase, with a membrane acting as an interface to control the flow of glucose to this region to be oxidised 

by the enzyme and electrons are then transferred to the electrode; a process known as wired enzyme 

technology.(34,35).  

In order for the sensor to rely on factory calibration only, the sensors require precise and 

consistent manufacturing, require stability over their shelf-life and duration of the sensor wear period, in 

addition to a consistent relationship between the blood and interstitial fluid (36). Improvements in 

reliability and precision in this process and in manufacturing have enabled the Freestyle Libre and Libre 

Pro sensors to be factory calibrated and a feasibility study in 2014 in patients with either T1DM or T2DM 
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confirmed that factory-only calibration was feasible with satisfactory sensor stability (34). Subsequently 

a study in 2014 examined the use of factory calibrated Freestyle Libre system over 14 days confirmed that 

the sensor performance was stable over this period, and showed agreement between the Freestyle Libre 

sensor readings and capillary blood glucose readings (99.0% and 99.7% of sensor results within zones A 

and B of the Clarke and consensus error grids respectively (29)). Zones A and B of the Clarke error grid 

and more recent consensus error grid represent readings upon which it is acceptable to base clinical 

decisions. 

Unlike the International Organization for Standardization (ISO) standard 15197 for SMBG (37), 

there is no internationally agreed standard for CGM device accuracy and performance (28). In addition to 

the use of the error grids, mean absolute relative difference (MARD) is a term commonly used to describe 

the accuracy of continuous glucose monitor sensors in relation to blood glucose readings as a reference. 

The lower the percentage score, the closer the CGM readings are to this reference (29). There is no set 

standard MARD value to which CGM sensors must adhere, however a recent international committee 

convened at the Advanced Technologies and Treatments for Diabetes conference in 2018 felt that there 

was little to be gained in terms of improving the accuracy of insulin dosing when the MARD is lowered 

below 10% (28). However MARD itself has limitations and comparing results from different studies is not 

recommended (28,38). Abbott state that the Freestyle Libre system MARD is 11.4%; comparable with 

other CGM systems such as the Freestyle Navigator II (12.3%), an earlier model of CGM developed by 

Abbott, and the Dexcom G5 Mobile (12.5%) (39). 

The Freestyle Libre sensor stores glucose readings every 15 minutes for up to 8 hours. The reader 

stores all glucose data up to the most recent scan. The most recent data is subsequently added to the 

reader at each new scan; though the sensor itself is only able to store 8 hours data and therefore a gap of 

longer than 8 hours between scans results in a loss of data. The Pro sensor stores these readings for the 

full 14 day period. Therefore each 14 day period can result in a significant number of glucose readings, 

potentially up to 1344 readings if the sensor remains in place for the full 14 days. By contrast, a patient 

performing 4 SMBG tests per day over 14 days will generate 56 tests. Thus both the Freestyle Libre 

personal iCGM and the retrospective Libre Pro data have the potential to provide a much greater depth 

of glucose recording and in consequence, enhanced insight into glycaemic control than standard SMBG. 

 

 

1.2.2. Ambulatory Glucose Profile 

The glucose data from any CGM can be displayed using the ambulatory glucose profile (AGP). 

First described in 1987 by Mazze et al (40) to describe graphical representation of SMBG results, this has 

become an effective way to display and interpret the large amount of glucose data that is generated by 

CGM using a visual illustration of an individual’s typical day to identify trends in hyperglycaemia, 

hypoglycaemia and other metrics. 
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Data collected over multiple days are plotted according to time over 24 hours (from midnight to 

midnight) to provide a model day which enables rapid qualitative and quantitative visual analysis of 

trends. In addition, data can be downloaded and analysed in more depth via a .csv file of raw data. 

In 2012 an expert panel comprising diabetes specialists met with the aim of standardising 

analysis and display methods of the AGP using CGM data (41). A further international consensus was 

reached in 2019 following the meeting of an international panel of experts at the Advanced Technologies 

& Treatments for Diabetes Congress (42). The key glucose metrics that were identified and defined 

include: 

• Target in target ranges – can be expressed as time in target range, time above range, and time below 

range 

• Glucose exposure – can be evaluated as area under curve (AUC), mean or median 

• Glucose variability – can be expressed using a number of different metrics 

• Hypoglycaemia – can be expressed in terms of time spent in this range, number of episodes, and risk 

of episode happening 

 

Time spent in target ranges can be expressed either as a percentage of time or an absolute time 

in hours and minutes, typically out of a representative or average 24-hour period. They can be divided 

into time in target range (TIR), time above target range (TAR) and time below range (TBR) (42). TIR can be 

typically 4mmol/l-10mmol/l but this can be adjusted to specific individuals or scenarios such as diabetes 

in pregnancy, where the upper target is lower. TAR is typically that above 10mmol/l, but can be further 

split into more severe hyperglycaemia for example over 13.9mmol/l. TBR defines hypoglycaemia, below 

4mmol/l. Whilst the goal must be individualised for each patient, the target would be to increase TIR 

whilst minimising TBR and TAR. 

Glucose exposure is a more established method of expressing glycaemic control, represented in 

one way by HbA1c levels. However, CGM can provide a more short-term measure of this. Typically, mean 

or median glucose can be used to represent glucose exposure; median has an advantage in that an 

individual’s glucose pattern is usually not normally distributed. Furthermore, an estimation of HbA1c can 

also be generated by CGM data. This is a calculated value from mean glucose and uses a formula derived 

from a sample population (43) and is frequently calculated and displayed in CGM software (where 

previously eA1c was displayed by such software, as seen below in Figure 5 - Figure 10). This was previously 

termed estimated A1c (eA1c), however this term can be misleading since it does not necessarily reflect a 

laboratory HbA1c level. Subsequently the term Glucose Management Indicator (GMI) has been 

developed, which utilised a very similar formula to that for eA1c (GMI (mmol/mol) = 12.71 + 4.70587 x 

mean glucose (mmol/l)) and which is derived from the regression line of mean glucose of a population of 

individuals, and which has been validated in subsequent studies (43). The GMI value can be used clinically 

to provide a representation of what an approximate HbA1c level may be based on the period of CGM 

monitoring. 
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In addition, the expert consensus panel in 2012 also determined that 14 days of CGM data can 

give a ‘very accurate, relatively stable reflection of the key glucose metrics’ which would be ‘highly 

reflective of what the display would look like after 30 days of CGM’ (41). It was determined that 7 to 10 

days of data was not necessarily enough to enable accurate interpretation, however some recent studies 

using CGM have performed analysis of AGPs that have been produced using just 7 days of data and the 

panel concluded that it may be possible to use 7 to 10 days of data for clinical interpretation if further 

data was not available (41,44). 

Once the data is downloaded in raw format, a variety of analytical approaches can be undertaken 

and enable statistical comparison between sets of data, both for the same individual, and across 

individuals. Abbott’s Freestyle Libre is designed to be used in conjunction with Freestyle Libre Software 

and Pro software to display AGPs. 

 

1.2.2.1. Measures of glucose variability 

There are many mathematical definitions and models of variability in research, which have 

limited applicability to clinical practice. In clinical practice, fluctuation in glucose control can be expressed 

as either glycaemic variability or instability; variability is the difference in the short to medium term 

glycaemic experience between days and weeks, and instability is the glycaemic experience within a day, 

or a 24-hour period. These measures by definition can change over time, and represent a concept which 

can be challenging, but hugely useful, in clinical consultations (45,46).  

Population based research studies have typically used measures of variability based on standard 

deviation such as coefficient of variance, however it is known that in many individual subjects, glucose 

levels are not reliably normally distributed; hence, a non-parametric measure such as interquartile range 

(IQR) with which an individual subject’s glucose variability can be quantified, and then used in 

comparative analysis, is required. 

There is limited literature on the use of IQR as a measure of variability in research and in clinical 

practise, although since the IQR is represented visually in CGM data, it is regularly used in clinical 

consultations and by individuals utilising CGM but typically without quantification. It is therefore not fully 

established what a typical IQR might be for an individual with diabetes, and furthermore what an optimal 

reduction in IQR might be. It was therefore necessary to ascertain a benchmark to use for the purposes 

of this work. A random sample of CGM glucose data from 50 individuals was extracted from an available 

dataset of individuals with T1DM – the Type 1 Diabetes Exchange Registry (47). From this data the hourly 

IQR was calculated for each individual, along with the grand mean IQR and standard deviation. The grand 

mean IQR was evaluated as being 4.3mmol/l, with a standard deviation of 1.2mmol/l. Amongst the local 

clinical and research team, it was therefore deemed that a reduction in an individual’s IQR by 1mmol/l 

would represent a clinically significant and meaningful reduction in glucose variability, given that 1mmol/l 

would represent a reduction of nearly 25% in variability, and would be an achievable and realistic target 

for most individuals to aim for whilst being large enough to have an impact on glycaemic control. At the 
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time of planning and designing the present work, there was no further clinical target for glucose variability 

represented by IQR available, unlike that which is now readily accepted for TIR, TAR and TBR (42). 

 

A patient without diabetes will have very stable glucose levels with little variation and instability. 

Figure 5 demonstrates this, with little differentiation between the median line, interquartile range (IQR) 

and 10th-90th decile range, and very little fluctuation of these ranges over the model 24-hour period. 

 

 
Figure 5: AGP showing normal glucose control in a healthy individual without diabetes 

 

Figure 6 and Figure 7 show example AGPs from two patients, both with T1DM on MDI therapy. 

Their daily average glucose levels and estimated A1c (eA1c) are very similar, but they show very different 

levels of variability, demonstrated by the difference in IQR and inter-decile range. However, they would 

appear to have a relatively similar degree of within-day instability, given the similar daily pattern and 

fluctuation. This demonstrates that a similar HbA1c can be misleading and may miss significant variations 

in glucose levels on a daily basis. 
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Figure 6: Example AGP of patient with T1DM 

 

 
Figure 7: Example AGP of patient with T1DM 

 

In Figure 8, both the eA1c and daily average glucose are slightly higher than in Figure 9, though 

the overall daily glucose profile is more stable in Figure 8, illustrating the enhanced glycaemic profile 

analysis using AGP. The variability (IQR and IDR) demonstrated in Figure 6 and Figure 8 appears similar, 

and relatively low, given that both areas are of a similarly small magnitude visually, however Figure 6 

shows much greater within-day instability compared with Figure 8, demonstrated by the greater 

fluctuation over the 24 hour period. 

 Figure 10 demonstrates how SMBG results may not accurately reflect a true glucose profile, 

particularly with low daily numbers of SMBG testing are performed; if a patient tests twice a day at the 

times represented by the green stars, the mean glucose would appear to be approximately 7mmol/l, 
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meanwhile the times represented by the red stars would suggest a mean glucose of approximately 

13.5mmol/l. Neither of these mean glucose values are true reflections of the patient’s overall glucose 

profile and could lead to inappropriate therapy decisions. These examples further demonstrate that 

HbA1c, mean glucose levels and SMBG results can be misleading, and that CGM can reveal the true 

glucose profile. 

 

 
Figure 8: Example AGP of patient with T1DM 

 

 
Figure 9: Example AGP of patient with T1DM 
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Figure 10 Example AGP demonstrating two different SMBG profiles 

 

Measures of instability have, to date, not been so well established in research or in clinical 

practice. Visually it is easy to recognise on the graphical AGP, as described above. For the purposes of this 

work, an exploratory measure of instability has been derived by calculating the length and gradient of the 

glucose line.  

This measure is based upon the understanding that an individual that has the same glucose value 

for every minute of a 24-hour period, there would be no instability. It therefore calculates difference in 

glucose over each time block (15 minutes as recorded by the Freestyle Libre sensor), and averaged over 

the sensor wear duration to provide a value for a model 24-hour period. This can be thought of in terms 

of graphical representation as the length and gradient of the glucose line, as though each day were drawn 

as an individual day on the AGP, but not including any length of line which would be present even in 

absent instability (a completely flat glucose profile would still appear graphically with a length 

representing 24mmol/l/day). 

 

 

1.3. Glycaemic Control in Specific Groups 

The purpose of the present investigation was to utilise this newer technology with iCGM to 

examine glycaemic behaviour in two specific diabetes related scenarios – (i) pancreatic exocrine 

insufficiency (PEI) in patients with diabetes and (ii) gestational diabetes (GDM). Both scenarios represent 

areas of glycaemic management that are not fully understood and where greater glucose profiling may 

enhance their management. 
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PEI is demonstrated to be common in patients with both T1DM and T2DM, but is frequently 

under-diagnosed (48,49). Treating it however, has the potential to offer beneficial metabolic control to 

patients. In the field of diabetes, where patients and healthcare professionals constantly strive to make 

small gains in metabolic and glycaemic control, the use of CGM in patients with both PEI and diabetes 

may reveal a potential new target and treatment option. 

In our era of increasing incidence and prevalence of T2DM, GDM is also increasing. Traditional 

management and treatment strategies are aimed at minimising the maternal and foetal adverse 

outcomes associated with hyperglycaemia. It is known that problematic hyperglycaemia still persists and 

that SMBG has many limitations, which in the rapidly changing metabolic course of GDM is suboptimal. 

Realtime iCGM offers a new technique to enable women to monitor their glucose levels more extensively 

and potentially gain greater insight. 

 

1.3.1. Pancreatic Exocrine Insufficiency 

1.3.1.1. Aetiology, diagnosis and treatment 

The pancreas plays a vital role in digestion. Gastric acid in the duodenum stimulates the release 

of secretin from duodenal mucosal cells, which in turn stimulates the release of water and bicarbonate 

from pancreatic ductal cells. In addition, the presence of fat and protein in the duodenum stimulates 

cholecystokinin (CCK) release by endocrine cells in the duodenal mucosa, which results in the release of 

pancreatic enzymes and pro-enzymes from pancreatic acinar cells (see Figure 11). Together this 

combination of water, bicarbonate and enzymes form the pancreatic juices that, once released into the 

duodenum, enable digestion of fat, carbohydrate and protein. This process is known as the pancreatic 

exocrine function. 

 (50) 

Figure 11: Structure of the pancreas showing islet alpha, beta and delta cells in addition to the exocrine acinar and 

ductal cells 
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For the pancreatic exocrine process to work, the pancreas requires adequate stimulation, the 

ability to produce pancreatic enzymes and a patent pancreatic duct and common bile duct to allow flow 

into the duodenum at the appropriate time (51). 

There are a number of situations that can lead to a failure of one or more of these steps and 

subsequently reduced levels of pancreatic enzyme activity within the duodenum, thus resulting in 

pancreatic exocrine insufficiency (PEI). Of the enzymes released by the pancreas, both amylase and 

various proteases are also produced elsewhere in the gastrointestinal tract (such as the salivary gland and 

the stomach). Lipase is least stable within the gastrointestinal tract and does not have a second site of 

release, therefore signs and symptoms of fat malabsorption predominate when there is reduced exocrine 

production from the pancreas. These include weight loss, steatorrhoea (characterised by foul smelling, 

frothy and floating stool), diarrhoea, abdominal pain and bloating. Weight loss and steatorrhoea are the 

symptoms most associated with PEI; however, these are usually seen in more severe forms when a 

significant amount of exocrine function has already been lost (typically around 90%). Prolonged PEI can 

result in malnutrition and fat-soluble vitamin deficiencies if untreated (51). 

The prevalence of PEI amongst individuals without known pre-existing gastrointestinal or 

pancreatic disease is estimated to be between 11.5 – 21.7%, with approximately 11,000 patients 

diagnosed in the UK each year (52). 

PEI may be caused by intrinsic pancreatic disease and damage (fibrosis and atrophy) such as 

chronic pancreatitis, following acute pancreatitis, cystic fibrosis and pancreatic malignancy. Other 

conditions which may result in PEI include; obstructive lesions within the pancreatic duct or common bile 

duct such as a tumour or stricture, and anatomical abnormalities such as following upper gastrointestinal 

(GI) surgery. 

It is known that fibrosis, atrophy and destruction of the acinar cells leading to PEI and chronic 

pancreatitis is associated with the development of diabetes, often known as Type 3C diabetes (1) (see 

section 1.1.2.3), although this loss of endocrine function often occurs late. 

There are many different diagnostic tests available to help identify PEI. Previously, invasive 

pancreatic function tests such as direct duodenal sampling after pancreatic secretin stimulation was 

considered the gold standard. However these tests are invasive, time consuming, poorly tolerated by 

patients and not widely available and therefore are not routinely performed in the UK (53). Quantitative 

analysis of faecal fat content has also been used as a standard test for investigation of malabsorption, 

however this is difficult and unpleasant to perform; requiring 3 days of total stool collection and analysis 

(53) and is rarely performed. Pancreatic imaging may be performed, but is more helpful in diagnosing 

chronic pancreatitis and malignancy than PEI without obvious structural change. Faecal elastase-1 (FE1) 

levels can be measured in stool using an enzyme linked immunosorbent assay (ELISA), and is 

recommended in the UK as the current standard of care for screening for PEI (52,53). FE1 is secreted by 

the pancreas and undergoes little degradation within the gut lumen before being excreted in faeces, 

unlike the majority of the other pancreatic enzymes. Despite being an indirect test of pancreatic function, 
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it has been shown to correlate well with other tests of pancreatic exocrine function. FE1 requires a 

random spot stool sample rather than prolonged sampling. FE1 is not affected by the administration of 

exogenous enzymes. Reports of exact sensitivity and specificity vary within the literature, however 

generally accepted reference ranges are: mild to moderate PEI FE1 100-200µg/g and severe PEI FE1 

<100µg/g (52,54). 

Once PEI is diagnosed, the general treatment approach is to normalise digestion and alleviate 

symptoms. This is achieved through the use of pancreatic enzyme replacement therapy (PERT) plus 

general supportive advice, including smoking cessation, dietary advice and correction of any related 

vitamin deficiencies. A low fat diet is no longer recommended (51). PERT is an oral preparation, also 

known as pancreatin, which is taken at mealtimes and with snacks, with the dose adjusted according to 

the fat content of the food and on clinical response. A number of different preparations are available 

commercially; most are enteric coated and all are of porcine origin (55) Monitoring is based on clinical 

response (symptoms, weight change and markers of malnutrition); there is no consensus on repeated 

testing, particularly given that a change in FE1 would not be expected and other tests such as faecal fat 

quantification face the same problems as for initial diagnosis (51). A retrospective study has shown that 

approximately 80% of patients respond to treatment with PERT (52). In patients with no improvement in 

symptoms, the diagnosis should be questioned and an alternative aetiology sought (51). 

 

1.3.1.2. PEI and Diabetes 

High rates of PEI are found in patients with both T1DM and T2DM, although it is relatively 

underdiagnosed in routine clinical practice. GI symptoms are often attributed to other diabetes 

complications such as gastroparesis, drug side effects such as metformin, and other co-existing GI 

disorders such as irritable bowel syndrome (IBS) (49). GI symptoms are experienced frequently in 

diabetes, with a recent UK survey indicating that over 90% of patients suffer with varying frequency (56). 

Table 2 and Table 3 below summarise the results of pancreatic function tests, and the rate of 

PEI diagnosis, in patients with diabetes. 
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Table 2 Summary of studies direct pancreatic function tests in patients with diabetes (published in English only) 

Author Year Patient population Methods Results 

(FE1 levels; <200µg/g = mild-moderate, <100µg/g = severe 

PEI) 

Pollard et al (57) 1943 13 patients with diabetes Amylase and lipase after pancreozymin-secretin stimulation Low in 62%  

Chey et al (58) 1963 50 patients 

13 ‘juvenile’ diabetes 

Amylase and lipase after pancreozymin-secretin stimulation Low in 36%, and 77% of those with juvenile diabetes 

Vacca et al (59) 1964 55 patients with diabetes 

22 treated with insulin 

Diastase and bicarbonate after secretin stimulation, plus 

faecal fat 

Abnormal in 73% 

Frier et al (60) 1976 20 T1DM 

7 T2DM 

Stimulation with secretin and CCK-PZ PEI in 80% 

Harano et al (61) 1978 4 T1DM 

53 T2DM 

Secretin-pancreozymin test Low in 69% 

Lankisch et al (62) 1982 53 T1DM Secretin-pancreozymin test Impaired function 43% 

Bretzke et al (63) 1984 60 T2DM Secretin-pancreozymin test 27% have ‘mild PEI’ 

El Newihi et al (64) 1988 10 T2DM Secretin and CCK test Reduced enzyme and bicarbonate secretion in all patients 

Kim KH et al (65) 2000 22 T2DM Secretin and CCK test Reduced secretion volume and bicarbonate in T2DM, by 29% and 43.5% 

respectively 
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Table 3 Summary of studies of indirect pancreatic function tests in patients with diabetes (published in English only) 

Author Year Patient population Methods Result 

FE1 <200µg/g considered diagnostic for PEI 

Faecal chymotrypsin <3U/g considered diagnostic for PEI 

Faecal fat >7g/day considered diagnostic for PEI 

Hardt and Kloer (66) 1999 128 mixed T1DM/T2DM Faecal chymotrypsin 

FE1 

26% <6U/g 

46% <200µg/g 

Hardt et al (67) 2000 39 T1DM 

77 T2DM 

FE1 T1DM 74% <200µg/g 

T2DM 36% <200µg/g 

Icks et al (68) 2001 112 T1DM FE1 54.4% <200µg/g 

Rathmann et al (69) 2001 544 T2DM FE1 30.3% <200µg/g 

Hardt et al (70) 2003 323 T1DM 

697 T2DM 

FE1  T1DM 51% <200µg/g 

T2DM 35% <200µg/g 

Nunes et al (71) 2003 42 Mixed T1DM/T2DM FE1 36% <200µg/g 

Hardt PD (72) 2003 101 Faecal fat 41 (40.6%) >10g/day 

Cavalot et al (73) 2004 66 T1DM FE1 26% <200µg/g 

Yilmaztepe et al (74) 2005 32 T2DM FE1 28% <200µg/g 

Ewald et al (75) 2007 546 insulin-treated diabetes mellitus FE1 115 (21.1%) <100µg/g 

Klupa T et al (76) 2008 25 T1DM FE1 T1DM 1 (4%) <200µg/g 
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Ewald N et al (77) 2009 38 T1DM 

167 T2DM 

FE1 T1DM approx. 8 (21%) <200µg/g 

T2DM approx. 14 (8.4%)  <200µg/g 

Larger E et al (78) 2012 195 T1DM 

472 T2DM 

FE1 

Chymotrypsin 

FE1: 

T1DM 66 (34%) <200µg/g 

T2DM 85 (20%) <200µg/g 

Chymotrypsin: 

T1DM 71 (39%) <6U/g 

T2DM 86 (20%) <6U/g 

Vujasinovic et al (79) 2013 50 T1DM 

100 T2DM 

FE1 3 (6%) T1DM <200µg/g 

5 (5%) T2DM <200µg/g 

Terzin et al (80) 2014 101 T2DM FE1 14 (13.9%) 100-199µg/g 

3 (3.0%) <100µg/g  

Shivaprasad et al (81) 2015 89 T1DM 

95 T2DM 

FE1 T1DM 31.4% 

T2DM 29.4% 

Lindkvist et al (82) 2018 209 T2DM FE1 16 (5.2%) 100-199µg/g 

15 (4.9%) <100µg/g 

Total 10% <200µg/g 
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As demonstrated in Table 2 and Table 3, the prevalence of PEI in patients with diabetes varies 

considerably. Studies using FE1 for diagnosis showed that between 25 – 74% of patients with T1DM have 

PEI, and between 28 – 54% of patients with T2DM have PEI (48). However, it must be noted that Ewald et 

al and Lindkvist et al did not exclude participants with a history of chronic pancreatitis from their sample 

population, and therefore there may be cases of secondary Type 3C diabetes that have been included in 

these analyses (75,82). A recent study performed by the Academic Department of Diabetes and 

Endocrinology at the Queen Alexandra Hospital, established that 24% of patients attending the specialist 

clinic experienced one or more GI symptom consistent with PEI. 42% of these patients were found to have 

a low FE1 (<200µg/g) consistent with PEI (49). The study also showed that diarrhoea (stool type 5 – 7 on 

the Bristol Stool scale) was the most common symptom in this cohort, with steatorrhoea second most 

common and unintentional weight loss third. 

Specific factors that can identify patients most at risk of developing PEI are varied and there is 

no clear consensus in the literature. These include: duration of diabetes, poor glycaemic control and high 

HbA1c, need for insulin (in T2DM) and presence of microvascular or macrovascular complications (48,78). 

A number of hypotheses regarding the cause of PEI in diabetes have been suggested, though 

the exact underlying aetiology, or aetiologies, is still not certain. It has been shown frequently that the 

pancreas is macroscopically altered in patients with diabetes, with smaller sized organs and evidence of 

fibrosis and atrophy visible both histologically and on imaging (83). Theories regarding the underlying 

process leading to these changes include: the reduced trophic effect due to a lack of insulin, the effect of 

diabetic neuropathy (particularly autonomic neuropathy), fibrosis and atrophy due to microvascular and 

oxidative stress damage, dysregulation due to changes in other islet hormones including glucagon and 

somatostatin, autoimmune effects, and the presence of underlying pancreatic disease such as chronic 

pancreatitis that has gone undiagnosed (suggesting that the individual therefore has Type 3C diabetes) 

(9,49,83,84). Furthermore, it has been postulated that genetic factors are also involved in development 

of exocrine dysfunction in diabetes (9). 

PEI in diabetes is treated in the same way as PEI due to other conditions; with PERT, dietary 

and lifestyle advice (smoking and alcohol cessation) and correction of nutritional deficiencies as 

appropriate. PERT has been shown to be safe in diabetes, without significant adverse effects upon 

glycaemic control (75,83).  

 

1.3.1.3. Glycaemic Control in Diabetes, PEI and PERT 

Table 4 provides a summary of studies that have examined the effect of PERT upon glycaemic 

control and other metabolic parameters in patients with diabetes. 
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Table 4 Summary of studies on the effect of PERT glycaemic control and metabolic parameters (human studies published in English only) 

Author Year Patient population Methods Results 

Ebert R & Creutzfeldt W 

(85) 

1980 24 patients with chronic pancreatitis with 

impaired glucose tolerance 

Oral fat and oral glucose / iv glucose with and 

without PERT 

Measurement of insulin and GIP 

Reversed impaired GIP response, restores incretin effect of fat and improved 

glucose tolerance 

Mohan V et al (86) 1998 40 patients with tropical calculous pancreatitis Fasting and post-prandial glucose, HbA1c, fasting 

C-peptide at baseline and repeated after 6 

months of PERT 

Reduced post-prandial glucose and HbA1c 

No change in C-peptide levels 

O’Keefe, SJD et al (87) 2001 29 patients with chronic pancreatitis with PEI 

(62% of diabetic) 

14 day parallel randomised placebo v PERT 

 

Changing from placebo to PERT and vice versa resulted in problematic changes 

including hypoglycaemia and DKA 

Ewald N et al (75) 2007 80 patients with diabetes requiring insulin 

therapy 

Randomised double-blind controlled trial No significant change in HbA1c or OGTT 

Reduced mild-moderate hypo 

Knop FK et al (88) 2007 8 male patients with chronic pancreatitis and 

PEI established on PERT (4 also had secondary 

diabetes, 3 had impaired glucose tolerance) 

Liquid meal test with and without PERT (3 day 

washout between) 

GIP, GLP-1, glucagon, insulin, C-peptide 

PERT enhanced GIP secretion 

Non-significant beta cell response 

Kuo P et al (89) 2011 5 patients with CF and PEI established on PERT 

(4 without diabetes, one with impaired glucose 

tolerance) 

Gastric scintigraphy, blood glucose, GLP-1 and 

glucagon measured following meal test with PERT 

or placebo 

PERT normalised gastric emptying and GLP-1 secretion, increase in glucagon 

Did not restore GIP secretion or normalise blood glucose but did reduce post-

prandial glycaemic exposure 

Perano SJ et al (90) 2014 14 patients with CF and PEI established on PERT 

aged 10-18 years (12 had normal glucose 

tolerance) 

Randomised double-blind PERT or placebo (48 

hour washout period) 

Mixed meal followed by glucose, insulin, 

glucagon, GLP-1 and GIP sampling 

PERT slowed gastric emptying time and reduced post-prandial glycaemia, 

though these did not correlate with changes in GIP or GLP-1 concentrations 

Normalisation of post-prandial GLP-1 and GIP  

No change in insulin secretion 
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As can be seen in Table 4, the exact effect of PERT upon glycaemic control in patients is not well 

established. It is known that pancreatic enzyme replacement in PEI enhances the release of GIP in 

response to oral nutrient ingestion (88). Similarly, post-prandial GLP-1 has also been shown to be 

increased in patients with PEI who are treated with PERT (88). These findings are thought to represent 

the fact that GIP and GLP-1 are secreted in response to nutrients that have been digested. 

Since release of GIP and GLP-1 leads to a slower rate of gastric emptying (and therefore a more 

controlled rise in post-prandial glucose) as well as insulin release and, more recently has been shown to 

suppress prandial glucagon (91), it is possible that this enhanced GIP and GLP-1 response in patients with 

PEI treated with PERT will result in improved glycaemic control (9). However, this outcome has not been 

substantiated by studies to date. 

A study involving adolescents with cystic fibrosis has shown that there is an improvement in post-

prandial glycaemia following PERT supplementation (90); results which have also been shown (in addition 

to an improvement in HbA1c) in a study of patients with tropical calculous pancreatitis (also known as 

fibrocalcific pancreatic diabetes) (86). In contrast, whilst Ewald et al found no difference in either HbA1c 

or oral glucose tolerance test, they did find a reduction in mild to moderate hypoglycaemia following PERT 

(75), though Knop et al found only a non-significant B cell response in a study involving only a small 

number of patients (8) (88).  

Whilst both cystic fibrosis and chronic pancreatitis (including tropical calculous pancreatitis), are 

associated with diabetes and pancreatic exocrine insufficiency, the underlying pathological processes 

leading to these conditions are considerably different to those of type 1 and type 2 diabetes, and 

therefore the hypothesised causes of PEI, in these cases. Furthermore, and particularly in cystic fibrosis, 

the typical pattern of abnormal glycaemic control differs from that of typical type 1 and type 2 diabetes 

(92,93). As such, the findings in the above studies involving chronic pancreatitis and cystic fibrosis may 

not be transferrable to the wider diabetes population. 

HbA1c, plasma glucose levels and other laboratory measures have been employed in the above 

studies, however, to date, no glucose profiling using CGM techniques have been utilised to fully 

appreciate glycaemic control in patients with diabetes and PEI.  

 

1.3.2. Gestational Diabetes 

1.3.2.1. Management and Complications 

Maternal hyperglycaemia in GDM is associated with adverse outcomes, as demonstrated by the 

HAPO (Hyperglycaemia and Adverse Pregnancy Outcomes) study assessing foetal birth weight greater 

than 90th centile, premature delivery, shoulder dystocia or birth injury and requirement for neonatal 

intensive care (10). Other maternal and foetal complications have also been associated with 

hyperglycaemia in GDM, albeit to a less significant degree, including caesarean section, neonatal 

hypoglycaemia, hyperbilirubinaemia and pre-eclampsia (PET) (10).  
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The Royal College of Obstetricians and Gynaecologists Diagnosis and Treatment of Gestational 

Diabetes Scientific Impact paper summarised recent research, including the HAPO study and the 

International Association of Diabetes and Pregnancy Study Groups (IADPSG) report, and concluded that 

there is ‘a continuous linear relationship between maternal glucose and foetal growth’ (94). 

As with all types of diabetes, glycaemic control is paramount, and in GDM this is crucial in 

preventing potential adverse outcomes. Daily glucose monitoring in GDM is currently performed by the 

patient using SMBG and these results are used to guide therapy initiation, dose adjustments and changes. 

It is recommended by NICE that women with GDM perform SMBG six times a day, and at different 

intervals each day (11), but a huge amount of the daily variability and instability in glucose patterns will 

go undetected using this method. In addition to this, we know that SMBG is prone to errors of omission 

and collection bias, which can lead to difficulty in making therapy changes due to the limited glucose data 

available. 

In type 1 and type 2 diabetes, longer-term glucose exposure is monitored using HbA1c. However, 

in pregnancy, HbA1c is not a reliable measure due to the increased red blood cell turnover (95), and 

therefore results in a falsely low level and it does not provide the immediate feedback required for regular 

therapy adjustment. As such it is not recommended for assessment of glucose control in the second and 

third trimesters (11). Therefore, the only tool currently available to reliably guide glucose management 

decisions in GDM is SMBG. From local and others’ experience, the recommended frequency of performing 

SMBG 6 times per day consistently from the time of diagnosis to delivery is frequently not achieved due 

to painful fingers, dislike of how conspicuous it is to perform SMBG, time pressures and difficulty 

incorporating testing into already established daily routines. 

GDM usually resolves at the end of the pregnancy and women with GDM are recommended to 

discontinue any anti-diabetes medications ‘immediately after birth’ (11). GDM is associated with an 

increased risk of the mother developing type 2 diabetes later in life; up to 50% of women who are 

diagnosed with GDM will go on to develop type 2 diabetes within 5 years (11). At PHT, all women with 

GDM are advised to have their HbA1c checked 3 months post-partum, with annual screening for type 2 

diabetes thereafter in primary care. Whilst it is recognised that GDM resolves in the post-partum period, 

there is little known about how rapidly this occurs. The majority of screening in the post-partum period 

takes place from 6 weeks worldwide, and it is widely acknowledged that there is often a poor attendance 

at this follow up, despite this being a potentially critical period for intervention to prevent type 2 diabetes 

in the future (96). 

Taking into account the problems and inadequacies associated with SMBG, and the fact that 

glycaemic control in GDM is constantly changing due to placental enlargement (10), there is a clear need 

for improved monitoring to enable optimised and targeted therapy management decisions and therefore 

optimise outcomes for mothers and babies. 
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1.3.2.2. GDM and CGM 

CGM offers the potential for a much greater frequency of glucose readings than typically 

available with SMBG. It has been proven to improve neonatal outcomes including lower incidence of 

foetal birth weight over 90th centile and reduced neonatal hypoglycaemia when used during pregnancy in 

mothers with T1DM (97). 

CGM has been utilised in studies in women with GDM as a tool to examine the effects of a 

separate intervention. For example a study by Pintaudi et al examined the effect of myo-inositol 

supplementation in patients with GDM using retrospective CGM and demonstrated a reduction in glucose 

variability indices, which has previously not been possible with standard monitoring (98). Indeed the study 

also noted that while CGM can more accurately assess small fluctuations in glucose levels, detect 

hypoglycaemia and time spent above target, it is unlikely to be used routinely by healthcare professionals 

managing women with GDM due to a lack of scientific evidence as well as cost barriers (98). Additionally, 

in a study to examine GLP-1 in pregnant women who had previously undergone bariatric surgery, CGM 

revealed large glucose fluctuations with nocturnal hypoglycaemia in this population, highlighting the 

potential for CGM to identify concerns such as glucose variability as well as asymptomatic hypoglycaemia 

(99). Several studies have also employed CGM technology to assess women with GDM fasting during the 

period of Ramadan, to provide insight into glycaemic profiles during this specific circumstance and 

potential risks associated with this (100–102) 

As can be seen in Table 5 below, there have also been a number of studies examining the use of 

CGM in GDM, with many investigating maternal and foetal outcomes as a result of CGM as an 

intervention. The majority have used only intermittent or retrospective CGM, with mixed findings. In 

consequence, a Cochrane review performed in 2016 comparing CGM with SMBG found no clear difference 

in terms of maternal and foetal outcomes including caesarean section, birth weight and neonatal 

hypoglycaemia, but found the quality of evidence from the two studies in question to be low (103), and 

one of the included studies was published in 2007, at a time when CGM was in its infancy. Finally, it is 

possible that retrospective CGM analysis immediately post-partum can provide enhance glucose trend 

analysis sooner than HbA1c results at 3 months post-partum, and may be able to offer better insight into 

women at risk of T2DM in the future. 
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Table 5 Studies comparing CGM as an intervention in GDM, published within the last 10 years and in English 

Study Year Participants Methods Intervention Outcomes Notes 

Yu F et al (104) 2014 240 women with GDM Prospective cohort study Retrospective 72 hour CGM once 

per week from diagnosis for 5 

weeks used in weekly 

consultations, compared to 

standard care with SMBG 

Reduced time in hypoglycaemia, 

significantly reduced incidence 

of pre-eclampsia, reduced foetal 

birthweight and fewer adverse 

neonatal outcomes 

Both groups required to perform 

SMBG throughout  

Wei Q et al (105) 2016 106 women with GDM Prospective observational open-

label randomised controlled trial 

comparing CGM with SMBG 

CGM worn for 48-72 hours either 

during 24-28 weeks gestation or 

28 to 36 weeks gestation 

No statistically significant 

differences in maternal or foetal 

outcomes or maternal HbA1c 

Increased insulin initiation and 

reduced maternal weight gain in 

CGM group 

High drop-out rate 

Both arms required to perform 

SMBG in additions 

Alfadhli EA et al (106) 2016 130 women with GDM Prospective open label 

randomised controlled trial 

comparing real-time CGM with 

SMBG 

Real-time CGM worn for 3-7 days 

once within 2 weeks of diagnosis 

of GDM 

Improved glucose variability 

No difference in mean glucose 

levels or requirement for insulin 

therapy 

No difference in maternal or 

foetal outcomes 

 

Panyakat WS et al (107) 2018 55 women with GDM not 

requiring insulin 

Prospective observational study All participants received 72 hour 

blinded CGM once during 28-32 

weeks gestation 

No correlation between birth 

weight or other adverse 

pregnancy outcomes and 

glycaemic variability or 

excursions 

CGM data not used to influence 

care during pregnancy 
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Voormolen DN et al 

GlucoMOMS study (108) 

2018 300 pregnant women: 

109 T1DM 

82 T2DM 

109 DM requiring insulin 

 

Open label, multicentre 

randomised controlled trial 

Comparing 5-7 day retrospective 

CGM, performed every 6 weeks, 

with standard care 

Reduced incidence of PET in 

CGM group 

No significant difference in birth 

weight or macrosomia, no 

difference in HbA1c 

Both arms required to perform 

SMBG 

Paramasivam SS et al 

(22) 

2018 57 women with insulin-

treated GDM 

Prospective open-label 

randomised controlled trial 

Comparing 6 day retrospective 

CGM at 28, 32 and 36 weeks 

gestation with standard care 

Significantly reduced HbA1c and 

increased asymptomatic 

hypoglycaemia frequency in 

CGM arm 

No significant differences in 

maternal and foetal outcome 

Both arms required to perform 

SMBG 

Law GR et al (109) 2019 162 women with GDM Prospective observational study 

7 day blinded CGM between 30-

32 weeks gestation 

CGM was not the intervention Mean glucose higher in women 

who delivered large for 

gestational age infants 

 

Lane AS et al (110) 2019 40 women with GDM Single-site non-blinded parallel 

randomised controlled trial 

Real-time v blinded CGM No difference in maternal and 

foetal outcomes or glucose levels 
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1.4. Aims and Hypotheses 

1.4.1. Overall hypothesis 

In summary, the overall hypothesis of this investigation is that CGM provides readily available 

and more detailed glucose metrics to examine glycaemic control and aid glycaemia management 

compared with SMBG and HbA1c. To test this hypothesis, two diabetes related scenarios, PEI in diabetes 

and GDM, were selected to examine the utility of iCGM (Freestyle Libre). 

 

1.4.2. Pancreatic Exocrine Insufficiency in diabetes 

The aim of this study was to compare the impact of pancreatic enzyme replacement therapy 

upon glycaemic control in patients with both diabetes and PEI by using determinants of glycaemic control 

and outcomes (the AGP) as measured by interstitial glucose monitoring that are not fully defined by HbA1c 

and SMBG. 

By using CGM in this study, the aim was to gain a much more detailed understanding of glycaemic 

control due to the greatly increased frequency of glucose measurements, with readings taken four times 

per hour, every hour for 14 days. This was anticipated to provide a much more detailed insight than had 

previously been identified on glycaemic control. If a relationship between change in glycaemic control 

and PERT could be demonstrated, this could lead to improved treatment strategies for patients with PEI 

and diabetes, including optimising medication or through behavioural change around mealtimes. This has 

the potential to benefit individual patients, as well as clinicians and healthcare as a whole, with possible 

wellbeing and financial impact. 

 

1.4.3. Gestational Diabetes 

The aim of this study was to observe whether the use of interstitial glucose monitoring 

technology in GDM results in an increased compliance with six-times daily glucose testing compared to 

SMBG. 

CGM is not currently used routinely in GDM, yet we know the importance of optimised glycaemic 

control; a key step in achieving this is with improved availability of glucose results on which to base clinical 

management decisions. If this study demonstrates a relationship between using iCGM and improved 

compliance with the recommended frequency of testing, this has the potential to influence care for future 

patients with GDM by showing the benefit of iCGM over SMBG. 

In broader terms, this study has the potential to impact on wider healthcare provision by showing 

that even in situations where there is no formal healthcare professional training in AGP analysis and 

therefore it is not used routinely in a clinic setting, CGM could enable improved compliance with 

recommended levels of daily testing with subsequent improved maternal and foetal outcomes. 
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1.4.4. Summary 

CGM technology has made significant advances in recent years with the availability of factory 

calibrated sensors (36), enabling better access, accuracy, reliability and application to increasing numbers 

of patients with diabetes. Along with this, the data generated by CGM technology allows greater in-depth 

analysis than ever before and lends itself to clinical research. 

The use of iCGM in both of the above-mentioned studies may prove beneficial in highlighting 

changes in glycaemic control, or identifying particularly challenging glucose trends in individuals. 

Significant prandial change in patients is often difficult to detect, as it is not identified using SMBG and 

HbA1c, and SMBG is prone to errors of omission. Therefore, these studies may influence diabetes care 

and show that CGM and AGP analysis is a useful and adaptable tool for a number of different patient 

groups, both diagnostically as well as its perhaps already better-known use as an alternative day-to-day 

substitute for SMBG. 
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2. Methods 

2.1. DRIVE-PEI 

2.1.1. Trial overview 

The title of this study was ‘Comparison of ambulatory glucose profile prior to and during 

pancreatic enzyme replacement therapy in patients with diabetes and pancreatic exocrine insufficiency: 

a single-arm phase IV trial’. The study acronym was DRIVE-PEI (Diabetes and Real-world Investigation into 

Glucose Instability, Variability and Exposure – Pancreatic Exocrine Insufficiency). 

 

2.1.1.1. Trial objectives 

The primary objective was to compare glucose variability (represented by mean interquartile 

range (IQR) over 2 weeks) in patients with diabetes and PEI prior to and 6 weeks after treatment with 

PERT. 

The study examined a number of secondary objectives prior to and 6 weeks after starting PERT: 

• Other AGP metrics prior to and after 6 weeks after treatment with PERT 

• Clinically important measurements including HbA1c, weight and BMI 

• Exploratory comparisons in the following groups: 

- T1DM and T2DM 

- Mild / moderate PEI (FE1 100-200µg/g) and severe PEI (FE1 <100µg/g) 

- Responders to PERT and non-responders to PERT based upon GI symptom questionnaire 

 

2.1.2. Overall Trial Design 

This was a phase IV single-arm study. The study involved a total of 4 study visits (see Figure 12). 

The duration of the study was 10 weeks. 

Creon was utilised as the PERT for this study; it was used in accordance with standard care; at 

the same starting dose and indication. 

Potential participants were recruited from the cohort of individuals attending the Academic 

Department of Diabetes and Endocrinology for a variety of outpatient services including clinic 

appointments, dietetics and multidisciplinary foot clinic. Patients with symptoms of PEI are routinely 

screened for PEI using FE1 sampling. If the FE1 level was <200µg/g this was consistent with a diagnosis of 

PEI (52) and patients were invited to take part in the study via telephone, letter or face-to-face. A 

participant information sheet (PIS) was provided and participants were given at least 24 hours to consider 

participating in the study and to read the PIS before providing consent.  
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Participants fulfilling the eligibility criteria (see section 2.1.3) were invited to attend the first 

study visit, where the study was discussed, eligibility criteria reviewed and informed voluntary consent 

sought. A urinary pregnancy test was undertaken if appropriate. A full medical and drug history was taken, 

plus a basic physical assessment to include weight and height measurements. A baseline HbA1c blood 

sample was taken and a gastrointestinal symptom questionnaire completed by the participant (see 

Appendix 6.1). A Freestyle Libre Pro sensor was applied, to remain in situ for 14 days. 

Study visit 2 was scheduled 2 weeks later. The Freestyle Libre Pro sensor was removed and data 

capture confirmed. PERT was provided to the participant with education on dosing and administration in 

relation to diet. 

Participants were instructed to take PERT as per standard care for PEI and continue to manage 

their diabetes as usual, with SMBG as per pre-study. They returned after 6 weeks for visit 3 (this visit 

occurred between weeks 5-7 in order to maximise participant convenience and attendance) where a 

second Freestyle Libre Pro sensor was applied, and remained in situ for a further 14 days. Participants 

continued to take PERT during this time. Patients attended for the fourth and final visit after 14 days when 

the sensor was removed. A repeat gastrointestinal symptom questionnaire, HbA1c and weight 

measurement were obtained. Both sensors were reviewed at this final visit to provide an opportunity to 

optimise the participant’s diabetes therapy. Changes to medical conditions, medication and any adverse 

events were recorded at each study visit. Figure 12 shows a flowchart of the study. Throughout the study 

participants were encouraged to continue with the same lifestyle and other glucose lowering therapies 

and doses, with the latter confirmed at each study visit. 

A letter was sent to participant’s General Practitioner (GP) asking them to continue the PERT 

prescription and review symptoms as appropriate after completion of the study. 
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Figure 12 DRIVE-PEI study flow chart 
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2.1.3. Participants 

Participants were adults with either T1DM or T2DM with a diagnosis of PEI based on the presence 

of one or more symptoms plus a diagnostic FE1 result <200µg/g. Participants were either male or female 

and of any racial or ethnic group, and were willing to take part in the study and to attend all required 

study visits. 

The participants met all of the following inclusion criteria to have been considered eligible for 

the study: 

• Male or Female, aged 18 years or above 

• Diagnosed with Type 1 diabetes or Type 2 diabetes at least 1 year ago 

• Receiving oral and / or insulin therapy for diabetes 

• 1 or more symptoms of PEI: 

- Diarrhoea – Bristol Stool Chart type 5, 6 or 7 

- Steatorrhoea or greasy, pale or offensive smelling stools 

- Weight loss 

- Abdominal pain or cramps 

- Bloating or increased flatulence 

• Low faecal elastase level <200µg/g in last 2 years or since diabetes diagnosis, whichever is more 

recent 

• Willing and able to give informed consent for participation in the study and for GP to be informed 

 

The participant could not enter the study if any of the following applied: 

• Currently receiving, or have ever received, PERT 

• Current prescription of or planning to commence medication (within next 2 months), other than 

those for diabetes, that may increase or decrease serum glucose levels such as: 

- Oral corticosteroids for more than 7 days 

- Antipsychotics 

- Nutritional supplements such as Fresubin® 

- Weight-loss medication such as orlistat 

• Diagnosed with or suspected diagnosis of: 

- Pancreatic malignancy 

- Acute pancreatitis or chronic pancreatitis 

- Type 3C diabetes or other Type 3 secondary diabetes 

- Cystic fibrosis 

- Previous or awaited gastric bypass (within next 2 months), pancreatic or extensive small bowel 

surgery 
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- Other primary pancreatic disorder or uncontrolled liver disorder exception: non-alcoholic fatty 

liver disease 

• Current or recently resolved (within 2 weeks) acute diarrhoeal episode thought likely to be infectious 

or other gastroenteritis 

• Current of previous chronic alcohol excess 

• Currently pregnant, recently postpartum (within 6 months) or planning pregnancy before end of 

study date 

• Currently using a modified diet under dietetic supervision, such as FODMAP 

• Currently receiving supported nutrition, including via nasogastric tube, gastrostomy tube or 

parenteral nutrition 

• Known allergy to Creon® or any of its components 

• Objection to porcine origin of pancreatin 

• Known allergy to Freestyle Libre Pro adhesive pad 

• Already enrolled, or recently (within 6 weeks) taken part in, another study 

- That may affect glycaemic control 

- That may affect digestion or absorption or another aspect of the GI system or nutrition 

 

2.1.4. Interventions 

2.1.4.1. Creonâ 

Creon® is manufactured by Mylan Products Limited. Creon consists of a capsule containing 

gastro-resistant granules taken orally at the start of each meal and with snacks. The dose varies depending 

on the content of the food. Participants were commenced on 50,000 units with meals and 25,000 units 

with snacks, in accordance with standard practice. Each capsule contained pancreatin PhEur 300mg 

equivalent to lipase 25,000 PhEur units, Amylase 18,000 PhEur units and Protease 1,000 PhEur units. 

There is specific administration advice regarding chewing and mixing with acidic foods described in the 

summary of product characteristics (SmPC) (111). Creon was dispensed from the Clinical Trials Pharmacy 

at Queen Alexandra Hospital. 

Participants took Creon continuously from the date of prescription until the end of the study 

period (8 weeks). Participants were advised to continue Creon beyond this, and were referred back to 

their GP for continuation of this prescription. Dose titration upwards may occur at this stage depending 

on response to treatment – this is again in accordance with standard practice, and was the responsibility 

of the receiving primary care team. 

There is no routine monitoring required for individuals taking PERT, though participants in this 

trial answered a GI symptom questionnaire at the end of the study period to assess their response to 

therapy, which was included in analysis as an exploratory endpoint. As previously described, Creon is 
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generally a safe and well-tolerated drug. There are no anticipated side effects or risks of taking part in this 

study, though any reported adverse events will be reported according to the protocol procedure. 

There were no alternative treatments or placebos used in this study, and all participants used 

the same dose guidelines. 

The GI symptom questionnaire, see Appendix 6.1, was designed specifically for use in this study. 

There is no alternative existing specific validated questionnaire relating to symptoms of pancreatic 

exocrine insufficiency, nor an appropriate questionnaire regarding general gastrointestinal symptoms and 

effect upon quality of life. 

 

2.1.4.2. Creon Adherence 

Participants were asked at each study visit about their adherence to Creon. Due to the nature of 

Creon administration – taken only when eating, and dose dependent on size of meal – it is difficult to 

assess adherence to Creon with complete accuracy with a simple count of remaining capsules. However, 

based upon an individual participant’s typical eating habits in conjunction with a count of remaining 

capsules, an adequate indication of adherence was gained, that was appropriate to this study in line with 

standard clinical care. 

Participants’ typical eating habits were assessed using the questionnaire (Appendix 6.1) at visit 1 

and at visit 4. This was used to estimate the number of capsules that each participant would have been 

expected to take during the study period. The remaining capsules were counted at study visits 3 and 4. 

80% adherence was taken as adequate. If adherence was less than this, participants were allowed to 

continue in the study but results would be analysed in a subgroup and attempts would be made to recruit 

additional participants to meet the minimum sample size with adequate adherence. 

 

2.1.4.3. Concomitant Medication / Therapies 

There were no additional supportive medications or therapies that were prescribed as part of 

the study protocol. 

 

2.1.4.4. Safety 

The use of Creon in PEI is safe, well tolerated and part of routine practice. Creon, and other forms 

of PERT, are regularly prescribed within the NHS. The most serious adverse effect is that of fibrosing 

colonopathy (strictures of the ileo-caecum and large bowel), which has been reported in patients with 

cystic fibrosis taking high doses of PERT (over 10,000 units lipase / kg / day). The doses of PERT used in 

the study were far below this level of ‘high dosing’, and as such this outcome as extremely unlikely to 

occur in this cohort of participants. Other more common undesirable effects include GI symptoms, which 
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are predominantly associated with the underlying condition and cause of PEI, and a rash, which is 

uncommon (111). 

There are no known medication interactions with PERT, there are no known effects on ability to 

drive or use machinery, and the only contraindication is that of hypersensitivity to pancreatin of porcine 

origin or any of the excipients. There is no data on exposure during pregnancy, and therefore females 

who were currently pregnant or planning pregnancy were excluded. 

Adverse event and serious adverse event reporting were carried out in accordance with ethical 

approval and standard Sponsor practice as stipulated in the study protocol. 

 

2.1.5. Endpoints 

2.1.5.1. Primary Endpoint 

Mean interquartile range over 14 days at weeks 6-8 of PERT therapy as measured by the Freestyle 

Libre flash glucose monitoring system. 

 

2.1.5.2. Secondary Endpoints 

• Other AGP metrics averaged over 14 days at weeks 6-8 of PERT therapy as measured by the 

Freestyle Libre flash glucose monitor (see section 2.3.1). 

- Variability (between day) 

- Average glucose – mean and median 

- Time above target range (TAR) (>10mmol/l) 

- Time in target range (TIR) (4-10mmol/l) 

- Time below target range (TBR) (<4mmol/l) 

- Glucose Instability (intra-day variability) 

- Glucose Management Indicator (GMI) 

• GI symptom questionnaire at baseline and after 6 weeks of treatment with PERT 

• Clinical measurements – HbA1c, weight, BMI at baseline and after 6 weeks of treatment with 

PERT 

 

2.1.6. Sample Size 

For the purposes of this study, a decrease in mean 24-hour IQR of 1mmol/l was considered to be 

clinically significant. Based on a power of 90% and a significance level of 0.05 to allow for comparison 

between two dependent means, a sample size of 18 was required, assuming a standard deviation of 
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1.2mmmol/l for the mean IQR and a repeated measures correlation of 0.5. To allow for a withdrawal rate 

of 20% and the potential for suboptimal sensor data capture, the recruitment target number was 18-24. 

The reduction of 1mmol/l was based upon the grand mean of hourly IQRs of a representative 

group of patients with type 1 diabetes that was evaluated as being 4.3mmol/l, and therefore a reduction 

of 1mmol/l was deemed to be clinically meaningful and realistic to achieve. A standard deviation in the 

mean hourly IQRs of 1.2mmol/l was measured in the same group of patients. There is limited literature 

on the use of IQR as a marker of glucose variability, because the ambulatory glucose profile (of which 

glucose variability and IQR are a key component) is a relatively new, although standardised, way to assess 

such glucose data. The sample size calculation and analysis was performed with statistician support. 

 

2.1.7. Randomisation and Blinding 

There was no randomisation, and therefore no blinding, in this study. 

 

2.1.8. Statistical Methods 

The following criteria needed to be met for the participant to be included in analysis: 

• A minimum of 7 days data (out of a maximum of 14) captured by the Freestyle Libre Pro sensor 

• A minimum of 80% compliance with Creon 

As there was no randomisation taking place, all participants were analysed on a per protocol 

basis. 

For each participant and for each sensor period, the mean 24-hour interquartile range was the 

primary outcome measure of the study. Additional AGP metrics, as specified in section 2.3.1, were also 

calculated over 24 hours and specific time-blocks. 

Exploratory subgroups groups included 

• Within participant – before and after treatment with PERT 

• T1DM and T2DM 

• PEI and severe PEI 

• Responders to PERT and non-responders to PERT 

 

Simple descriptive statistical analysis was undertaken to describe the parameters and groups, 

and was dependent on whether the data was normally distributed or not. Within patient comparisons 

were either undertaken using Paired t-test or Wilcoxon signed rank test. Across group comparison as 

undertaken using either the Two-sample t-test or Mann-Whitney U test. 

Additional routine demographic and clinical measures were also available, including age, sex, 

BMI and HbA1c. These were used to perform additional exploratory comparisons. 
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Outliers were included in the statistical analysis. The statistical analysis plan can be found in 

Appendix 6.5. 

 

2.1.9. Ethical Approval 

This study received ethical approval from the NHS Research Ethics Committee (REC) and Health 

Research Authority (HRA) (reference 17/SC/0224) and clinical trial authorization from the Medicines and 

Healthcare products Regulatory Agency (MHRA). The study’s Integrated Research Application System 

(IRAS) number is 214755. 

 

 

2.2. DRIVE-GDM 

2.2.1. Trial Overview 

The title of this study was ‘Randomised controlled trial to compare interstitial glucose monitoring 

with self-monitoring of blood glucose in gestational diabetes’. The study examined whether using iCGM 

compared with SMBG in routine management of GDM led to improved compliance with the 

recommended 6 times a day testing, on which to base therapy adjustment decisions. The acronym for 

this study was DRIVE-GDM (Diabetes and Real-world Investigation into Glucose Instability, Variability 

and Exposure – Gestational Diabetes Mellitus). 

 

2.2.1.1. Trial objectives 

The primary objective of the study was to compare the number of glucose readings recorded by 

individuals in the CGM group compared with the SMBG group recommendation of monitoring 6 times per 

day. 

The study examined a number of secondary objectives: 

• To observe appropriate and effective therapy changes in the CGM and SMBG groups 

• To observe whether increased glucose readings and therefore optimised management during 

pregnancy results in a better AGP prior to delivery 

• AGP metrics prior to delivery in relation to adverse maternal and foetal outcomes, including birth 

weight 

• To compare patient satisfaction in the CGM and SMBG groups 

• To compare clinically important measurements including HbA1c, weight and BMI 

• Exploratory subgroup analysis between the diet, metformin and insulin treated groups 

• To observe glucose levels in the early post-partum period 
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2.2.2. Overall Trial Design 

This study was an open randomised controlled trial. The study involved between 6 to 8 study 

visits with a duration of 28 weeks, including a follow-up period of 16 weeks (see Figure 13). The study 

involved two arms; one using the standard SMBG using a finger-prick glucometer, and the other using 

real-time iCGM instead of the traditional SMBG. 

Participants were recruited into the study as soon as possible after they were diagnosed with a 

first incidence of GDM, at approximately 28 weeks’ gestation. Women who had previously had GDM, or 

who were diagnosed much later in pregnancy (over 30 weeks), were not eligible to participate. Women 

on all forms of treatment for GDM; diet, metformin or insulin, were able to participate. 

Potential participants were invited to take part in the study when they were informed of their 

diagnosis of GDM, and the first study visit was carried out at this first clinic appointment. Eligibility 

criteria (see section 2.2.3) were assessed, and suitable participants were asked to provide informed 

voluntary consent at this first study visit. 

At study visit 1 a full medical, drug and obstetric history was taken, plus basic physical 

measurements. All participants were initially taught how to use SMBG and record the results in a diary, 

and all participants were asked to continue performing SMBG until visit 2. An HbA1c sample was taken. 

A Freestyle Libre Pro sensor was applied to collect retrospective CGM data for baseline analysis; which 

was to remain in situ for 7-14 days. The randomisation process was carried out at this visit, but arm-

specific study processes were not carried out until the second study visit. Arm 1 was known as ‘SMBG’ 

and arm 2 was called ‘CGM’. 

At study visit 2, the Freestyle Libre Pro sensor was removed and participants then entered either 

the SMBG or CGM arm. Participants in the SMBG arm continued standard SMBG throughout their 

pregnancy. Participants in the CGM arm were taught how to apply and use the personal Freestyle Libre 

and given supplies for the study, and used iCGM in place of SMBG for the specified period. All 

participants were instructed to continue manually recording their glucose results in a diary; the relevant 

diary pages were collected at each study visit. Participants were reviewed fortnightly in clinic (to include 

study visits 3 and 4) and continued in the relevant arm until study visit 5. At study visit 5, participants in 

the CGM arm reverted back to SMBG for the remainder of their pregnancy. All participants had a 

Freestyle Libre Pro sensor applied. Participants completed a questionnaire about their experience of 

glucose monitoring. At visit 6 the sensor was removed and repeat physical measurements were 

recorded. At each visit therapy changes were recorded. 

The extensive data from the real-time personal iCGM sensors (the AGP) was downloaded for 

analysis after the study, but was not used routinely to make therapy decisions since it is widely 

recognised and recommended that interpretation of AGP requires extensive training and practice. For 

this study, the intention was to assess whether patients using iCGM sensors were more likely to adhere 

to the recommended number of daily tests, and thus both groups of patients were asked to manually 
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record their readings in diaries which was used by the clinician in clinic to adjust therapy if required, as 

per current clinical practice. 

In addition, women were invited to take part in an optional sub-group examining resolution of 

blood glucose post-partum. This involved participants wearing a further Pro sensor from the time of 

delivery for 2 weeks. 

Participants were in the study for approximately 10 to 12 weeks, although this depended upon 

the exact week of diagnosis of GDM and subsequent delivery. Participants in the extended sub-group 

were in the study for 12 to 14 weeks. Study visits took place at the same time as routine visits to clinic. 

Additional visits were required for the extended subgroup to apply and remove the final sensor. 

In certain clinical scenarios, patients were advised to deliver early or enter premature labour. 

The minimum eligible time within the study for either arm was considered to be 4 weeks. Where a 

planned early induction of labour or caesarean was anticipated the study team attempted to apply a 

Freestyle Libre Pro to capture the following 2 weeks (minimum of 7 days of data capture required). 

Participants who were unable to complete a minimum of 4 weeks in their allocated arm, or who 

failed to record a minimum of 7 days of data on the Freestyle Libre Pro before delivering were not 

withdrawn from the study, but were analysed separately. The sample size calculation allowed for a 

certain number of participants to fall into this category. 

Follow up occurred remotely to collect information on birth outcome up to 16 weeks post-

partum. Participants were not contacted and did not require a study visit. Data was also collected on 

the 12 week post-partum HbA1c test that all women were invited to attend as part of standard care. 

The HbA1c test itself was not a study procedure, but took place routinely in primary care. 
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Figure 13 DRIVE-GDM study flow chart 
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2.2.3. Participants 

Participants were adult females diagnosed with a first episode of gestational diabetes. 

Participants met all of the following criteria to be considered eligible for the study: 

• Female, aged 18 years or above 

• Currently pregnant, and between 26 to 30 weeks gestation 

• Currently diagnosed with first episode of gestational diabetes using 75g carbohydrate OGTT (fasting 

plasma glucose ³5.6mmol/l or 2 hour plasma glucose ³7.8mmol/l) (NICE criteria for diagnosis of GDM 

(11) 

• Are suitable to follow the standard care pathway for gestational diabetes and undertake SMBG 

• Participant is willing and able to give informed consent for participation in the study. 

 

A participant could not enter the study if any of the following applied: 

• Pre-existing known diabetes 

• Previous gestational diabetes 

• Not able to perform SMBG for any reason 

• Previous or current pre-eclampsia 

• Previous or currently diagnosed hypertension 

• Known allergy to Freestyle Libre adhesive pad 

• Planning to move to a geographical area not covered by Portsmouth Hospitals NHS Trust before the 

end of the study 

• Participating in another study that could interfere with glucose levels or affect ability to participate 

in this study 

 

2.2.4. Interventions 

2.2.4.1. CGM and SMBG arms 

As described in section 2.2.2, and shown in Figure 13, there were two arms in this study; the 

CGM arm (intervention arm) and SMBG arm (control arm). 

It should be noted that participants in both arms underwent two periods of monitoring with the 

Freestyle Libre Pro glucose monitoring system. The Freestyle Libre Pro system, as described below, was 

not an intervention; this was an observational tool to collect glucose data that was not available in real 

time to participants. 
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2.2.4.1.1.  Intervention arm – Freestyle Libre personal flash glucose monitoring system 

The intervention was the use of the Freestyle Libre personal flash glucose monitoring system. 

This is also known as iCGM, referring to the intermittently scanned nature of this type of CGM device. This 

was used between study visits 2 and 5 (study weeks 2 to 8), for a duration of between 4 to 6 weeks, by 

participants randomised to the CGM arm in place of SMBG for this period. The intervention arm was 

known as the ‘CGM arm’. Section 1.2.1 details the device and technology in further detail. 

Participants were taught how to apply and use the Freestyle Libre personal sensor and 

accompanying reader. Whilst each sensor was intended to remain in situ for 14 days, spares were 

provided so that participants were able to replace a sensor should it be removed accidentally or otherwise 

stop working prematurely. This was in order to minimise interruptions to use during the intervention 

period. Data from the Freestyle Libre reader were available to participants in real-time. Participants were 

asked to manually record their readings in the glucose diary, in the same manner as they had undertaken 

in the first section of the study. Data from the Freestyle Libre reader were downloaded at each study visit 

and diary entry pages were simultaneously collected. 

Teaching of participants in the use of the Freestyle Libre was undertaken by a member of the 

study team, who had received training from the Principal Investigator. This was undertaken at study visit 

2 and consisted of showing the participant the Freestyle Libre Quick Start Guide leaflet, which is a fold-

out colour image instruction flow chart to demonstrate application and use of the Freestyle Libre sensor 

and reader, see Appendix 6.3 (112). Participants were observed applying the sensor themselves, having 

viewed this leaflet and following a talk through when the Freestyle Libre Pro sensor was applied at study 

visit 1. They were supported if they needed assistance. Once the sensor was applied, the reader was 

demonstrated, using the Quick Start Guide as above. This was kept to simple instructions including how 

to scan, view the reading, visualise direction of trend and the logbook function within the reader. A brief 

instruction regarding the meaning of the direction of the arrow and recent trend was given, as per the 

Quick Start Guide. No additional formal training resources were developed or utilised. 

Consistency in this teaching was ensured by minimising the number of different research team 

members providing this. Frequent observation and joint visits with more than one of these trained 

research team members present also ensured consistency. 

 

2.2.4.1.2.  Control arm – SMBG 

Participants in the SMBG arm formed the control arm and continued to use SMBG throughout 

the study, as is typical of standard care, manually recording their readings in the glucose diary. Data from 

the SMBG glucometer were downloaded at each study visit and diary entry pages were simultaneously 

collected. 
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2.2.4.2. Freestyle Libre Pro glucose monitoring system 

The use of the Freestyle Libre Pro glucose monitoring system was not an intervention, but is 

described here alongside the interventional use of the Freestyle Libre personal flash glucose monitoring 

system for clarity. 

For the first two weeks of the study (from study visit 1 to 2) and final two weeks of the study 

prior to delivery (study visit 5 to 6), regardless of which arm they were randomised to, all participants 

undertook exactly the same study procedures and processes. This included participants wearing a 

Freestyle Libre Pro sensor – whilst still being a CGM device, these differed from the Freestyle Libre 

personal sensor because these did not allow real-time access to the glucose values and participants were 

not provided with a reader to access glucose data from the Pro sensor. These sensors were used for 

observation to collect glucose data for comparison. 

 

2.2.4.3. Adherence 

Adherence to the Freestyle Libre personal sensor – both in terms of keeping the sensor in place 

for the required period of time, and recording glucose readings from it 6 times a day, formed the primary 

outcome for this study, and was assessed using the number of written glucose readings in the glucose 

diary. There was no minimum adherence required, as this was under investigation as part of the study. 

The actual number of glucose tests performed on either the glucometer or the Freestyle Libre reader were 

also recorded. 

 

2.2.4.4. Safety 

The use of the Freestyle Libre is generally safe and well tolerated and is used routinely in 

pregnancy by patients with Type 1 diabetes (108). There is a small risk of localised skin reactions, and 

participants were observed for this and appropriate action carried out should this have developed. There 

were no significant anticipated risks that required participants to have additional monitoring above and 

beyond that which was provided as standard in clinical care. The main anticipated problem was the 

accidental premature removal of sensors and appropriate steps were in place to minimise disruption 

should this occur. 

The Driver and Vehicle Licencing Agency (DVLA) have certain requirements regarding monitoring 

of glucose levels for individuals on insulin therapy, which also applies to women who are pregnant. At the 

time of study development, the DVLA did not recognise glucose readings from the Freestyle Libre for 

patients that were on insulin therapy, and instead required a blood glucose measurement via SMBG. For 

any study participants in the CGM arm and who required the initiation of insulin, additional SMBG tests 

were required around the time of driving. Additional specific advice was provided to participants where 

relevant regarding this. 
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Adverse event and serious adverse event reporting took place in accordance with ethical 

approval and standard Sponsor practice as stipulated in the study protocol. 

 

2.2.5. Endpoints 

2.2.5.1. Primary Endpoint 

Difference in mean number of daily glucose readings in CGM arm compared with SMBG arm 

measured between weeks 30 to 36 gestation (+/- 14 days). 

 

2.2.5.2. Secondary Endpoints 

The following endpoints were used for comparisons between the CGM and SMBG groups: 

• Drug (metformin and insulin) doses at each clinic visit 

• SMBG data (downloaded via Diasend) and iCGM data (downloaded via Freestyle Libre software) 

• AGP metrics (see section 2.3.1) – at weeks 26 to 28 and 36 to 38 gestation (approximately) and post-

partum (for extended subgroup) 

• Recorded maternal and foetal adverse outcomes and foetal size after delivery 

• Patient satisfaction questionnaire at week 36 gestation (see Appendix 6.2) 

• Clinical measurements including HbA1c, weight and height 

• Recorded therapy initiation and dose adjustment at each clinic visit 

 

Maternal and foetal adverse outcomes include: 

• Stillbirth or neonatal death 

• Caesarean section 

• Birthweight over 4.0kg and 4.5kg 

• Neonatal hypoglycaemia 

• Admission to neonatal unit and duration 

• Pre-eclampsia and maternal hypertension 

• Shoulder dystocia or other birth injury 

• Congenital malformation 

• Premature delivery (earlier than 37 weeks) 

 

Post-partum sub-group: 

• Post-partum AGP metrics (see section 2.3.1) 
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2.2.6. Sample Size 

The statistics package Stata 14.1 was used to perform a two independent samples t-test of a 

difference in patient means between the groups. Whilst the collected data was hierarchical in structure 

(many daily observations per patient), it was powered for a simple between groups difference of 1.5 in 

patient means of daily recorded readings. It was estimated from clinical experience that current numbers 

of observations per day are likely to be less than 4.5 and that it was to be expected that the intervention 

would enable patients to meet or exceed the target of 6 per day. For an alpha of 0.01 and a power of 90%, 

the required total sample size was 30 with equal allocations between the two groups. Using an estimated 

20% study withdrawals plus to allow for any participants undergoing premature delivery, the total 

required for a per-protocol analysis was 40. Participants were randomised equally to each of the 2 arms. 

All participants were offered the opportunity to take part in the extended sub-group with the aim of 

including 20 participants in this extension; this was exploratory and optional and there was no minimum 

number required. The sample size calculation and analysis was performed with statistician support. 

 

2.2.7. Randomisation and Blinding 

Participants were randomised on an equal basis to either the SMBG or CGM arm. This was 

undertaken at study visit 1. The clinical trial randomisation service ‘sealedenvelope.com’ was used to 

provide an electronic internet-based randomisation in random permuted blocks. This study was open and 

no blinding was required. 

 

2.2.8. Statistical Methods 

The mean number of daily glucose readings undertaken by each participant during the middle 6 

weeks of the study (where participants are in either the CGM or the SMBG arm) was the primary outcome 

measure of the study. Simple descriptive statistical analysis was undertaken to describe the parameters 

between groups. Depending upon whether the data is normally distributed or not, comparisons were 

undertaken using either Two-sample t-test or Mann-Whitney U test. 

Other measures, including questionnaire results, clinical measurements and adverse maternal 

and foetal outcomes were analysed and compared between groups using appropriate descriptive 

statistics as above. Additional analysis of AGP metrics was performed using the glucose data from each of 

the 2 Freestyle Libre Pro sensor wear periods (and the third sensor for the extended sub-group). Section 

2.3.1 below describes the components of the AGP for analysis. 

Outliers were included in the statistical analysis. The statistical analysis plan can be found in 

Appendix 6.5. 
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2.2.9. Ethical Approval 

This study received ethical approval from the NHS REC and HRA (reference 18/SC/0089). The 

study’s IRAS number is 234973. 

 

2.3. Common methodologies for both studies 

2.3.1. Ambulatory glucose profile metrics 

AGP metrics are common endpoints for both studies and are listed in Table 6 below. 

 

 

Table 6 AGP metrics for analysis 

AGP metric Measurement Units 

Variability (between day) IQR mmol/l 

Average glucose Median glucose, mean glucose mmol/l 

Time above target range (TAR) Time above 10mmol/l and above 

15mmol/l 

Expressed as percentage 

Time in target range (TIR) 4-10mmol/l – PEI 

4-7.5mmol/l – GDM 

Expressed as percentage 

Time below target range (TBR) Below 4mmol/l and below 

3mmol/l 

Expressed as percentage 

Instability (intra-day variability) ‘length and gradient of glucose 

line’ 

mmol/l/day 

GMI 12.71 + 4.70587 X [mean glucose 

in mmol/l] 

mmol/mol 

 

 

 

 

  



 60 

3. Results 

3.1.  DRIVE-PEI 

3.1.1. Participants 

19 participants were recruited to the DRIVE-PEI study. 

 

3.1.2. Recruitment 

The 19 participants were recruited to the study between July 2017 and March 2019. All 

participants that were recruited completed the study according to the protocol. No participants were 

withdrawn from the study. 

 

3.1.3. Characteristics 

3.1.3.1. Baseline characteristics 
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Table 7 DRIVE-PEI Table of baseline characteristics 

Study Characteristic  

Total participants 19 

Sex Male 

Female 

10 (52.6%) 

9 (47.4) 

Age 56.3 years (SD 11.4) 

Diabetes T1DM 

T2DM 

13 (68.5%) 

6 (31.5%) 

Duration of diabetes 27.9 years (SD 16.6) 

Diabetes complications (³1) 13 (68.4%) 

HbA1c 76.2mmol/mol (SD 13.1) 

Therapy (T1DM) Pump 

Basal bolus 

Mixed insulin 

2 

9 

2 

Therapy (T2DM) Oral only 

Insulin only 

Insulin + another agent 

3  

1 

2 

Weight 84.9kg (SD 23.7) 

BMI 29.0kg/m2 (SD 7.8) 

Alcohol consumption (³1 unit/week) 9 (47.4%) 

 Number of units 5.1 units (SD 4.5) 

Smoking Current 

Ex-smoker 

Never 

2 (10.5%) 

8 (42.1%) 

9 (47.4%) 
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3.1.3.2. PEI diagnosis 

The mean faecal elastase-1 level at the time of recruitment to the study was 115.9µg/g, standard 

deviation 50.0, however this includes 5 participants with FE1 levels reported as ‘<50µg/g’. As the true 

values of these low levels are not reported, the mean is likely to overestimate the true mean of the FE1 

levels. 

13 participants (68.4%) were classed as having mild/moderate PEI based on FE1 100-200µg/g, 

and 6 participants (31.6%) had severe PEI (FEI <100µg/g). 

 

3.1.4. Outcomes 

3.1.4.1. Primary outcome 

The primary endpoint for the analysis is the interquartile range (IQR) pre- and post- PERT therapy. 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

the pre-PERT period (p=0.009) although failure to reject for the post-period (p=0.307). Hence a Wilcoxon 

signed rank test was used to compare median values for paired observations. There was no significant 

difference between IQR pre-PERT (median 6.6) and post-PERT (median 5.7), p=0.354, z=-0.927, as shown 

in Figure 14Error! Reference source not found.. 

 

 
Figure 14 Box plot of pre-PERT (period A) and post-PERT (period B) glucose IQR (n=19). Outliers are defined 

as values between 1.5 IQRs and 3 IQRs from the end of the box. 
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3.1.4.2. Secondary outcomes 

3.1.4.2.1. Median glucose 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

pre-PERT (p=0.802) and post-PERT (p=0.550) periods, suggesting the data are normally distributed. A 

paired t-test was therefore used to test for the difference in median glucose levels between the pre- and 

post-PERT periods. 

There was no significant difference in median glucose levels pre-PERT (mean 12.5, SE 0.9) and 

post-PERT (mean 12.4, SE 0.6), t=0.141 (18), p=0.890 as shown in Figure 15. 

 

 
Figure 15 Box plot of pre-PERT (period A) and post-PERT (period B) median glucose (n=19). Outliers are 

defined as values between 1.5 IQRs and 3 IQRs from the end of the box. 

 

3.1.4.2.2. Time in target range (4-10mmol/l) 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

pre-PERT (p=0.402) and post-PERT (p=0.751) periods. A paired t-test was therefore used to test for the 

difference in TIR between the pre- and post-PERT periods. 

There was no significant difference in TIR pre-PERT (mean 29.5, SE 4.16) and post-PERT (mean 

28.7, SE 3.2), t=0.191 (18), p= 0.851. 

 

3.1.4.2.3. Time above target range (>10mmol/l) 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

pre-PERT (p=0.209) and post-PERT (p=0.981) periods. A paired t-test was therefore used to test for the 

difference in TAR between the pre- and post-PERT periods. 
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There was no significant difference in TAR pre-PERT (mean 65.7, SE 5.2) and post-PERT (mean 

67.8, SE 3.90), t=-0.472 (18), p=0.642. 

 

3.1.4.2.4. Time below target range (<4mmol/l) 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

the pre-PERT period (p=<0.0001) and post-PERT (p=<0.0001), suggesting the data are not normally 

distributed, and therefore a Wilcoxon signed rank test was used to compare TBR values for paired 

observations pre- and post-PERT. There was no significant difference between TBR pre-PERT (median 1.5) 

and post-PERT (median 2.2), p=0.918, z=-0.103. 

 

3.1.4.2.5. Glucose Instability 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for the pre-

PERT (p=0.186) and post-PERT (p=0.669) periods. A paired t-test was therefore used to test for the 

difference in glucose instability between the pre- and post-PERT periods. 

There was no significant difference in instability pre-PERT (mean 41.9, SE 3.6) and post-PERT 

(mean 41.8, SE 2.9), t=-0.006 (18), p=0.995. 

 

3.1.4.2.6. Glucose Management Indicator (GMI) 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for the pre-

PERT (p=0.793) and post-PERT (p=0.246) periods. A paired t-test was therefore used to test for the 

difference in GMI between the pre- and post-PERT periods. 

There was no significant difference in GMI pre-PERT (mean 72.9, SE 3.5) and post-PERT (mean 

72.7, SE 2.7), t=-0.045 (18), p=0.965. 

 

3.1.4.2.7. HbA1c 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

pre-PERT (p=0.0.089) and post-PERT (p=0.417) periods. A paired t-test was therefore used to test for the 

difference in HbA1c between the pre- and post-PERT periods. 

There was no significant difference in HbA1c pre-PERT (mean 76.2, SE 3.0) and post-PERT (mean 

75.6, SE 2.9), t=-0.232 (18), p=0.819. 

 

3.1.4.2.8. Weight 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

pre-PERT (p=0.443) and post-PERT (p=0.513) periods. A paired t-test was therefore used to test for the 

difference in weight of participants between the pre- and post-PERT periods. 
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There was a significant difference in weight pre-PERT (mean 84.9 kg, SE 5.4) and post-PERT (mean 

85.9 kg, SE 5.44), t=-2.372 (18), p=0.029.  

 

3.1.4.2.9. Gastrointestinal symptom questionnaire 

A Wilcoxon signed rank test was used to compare each of the 5 GI symptoms; bloating, 

abdominal pain, excessive flatulence, diarrhoea and steatorrhoea, since the questionnaire data were 

paired and ordinal in nature, with a non-normal distribution. 

Frequency of bloating symptoms was significantly lower after PERT compared with pre-PERT, 

p=0.013, z=2.495. Frequency of abdominal pain was significantly lower after PERT compared with pre-

PERT, p=0.019, z=2.339. Frequency of diarrhoea was significantly lower after PERT compared with pre-

PERT, p=0.001, z=3.234. 

There was no significant difference between frequency of flatulence pre-PERT and post-PERT, 

p=0.244, z=1.165, or frequency of steatorrhoea, p=0.104, z=1.626. 

 

3.1.5. Adverse outcomes and harm 

7 adverse events (AEs) were reported during the study. None of these were classified as a serious 

adverse event (SAE) and none were considered to be related to the study or an expected event. All AEs 

were resolved without sequelae and all participants continued without interruption to the study. 

The adverse events reported included two episodes of coryzal illness, a minor musculoskeletal 

injury following a fall, a minor dental issue, nausea due to pre-existing gastroparesis, oropharyngeal pain 

after ingesting scalding hot food, and lower limb cellulitis. 

 

3.2. DRIVE-GDM 

3.2.1. Participants 

40 participants were recruited to the DRIVE-GDM study 

 

3.2.2. Recruitment 

The 40 participants were recruited to the study between April 2018 and January 2019. Four 

participants were withdrawn from the study. One withdrawal was due to patient choice, one withdrawal 

was due to lack of patient attendance at required study visits. Two withdrawals were early terminations 

of the study due to premature delivery. The remaining 36 participants completed the study according to 

the protocol. 11 participants completed the optional post-partum subgroup of the study. 
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3.2.3. Characteristics 

3.2.3.1. Baseline characteristics 

All 40 participants in the study were female, as stipulated by the nature of the study and the 

eligibility criteria.  
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Table 8 DRIVE-GDM Table of baseline characteristics 

Characteristic  

Total participants 40 

Age 33.2 years (SD 5.3) 

Number of previous pregnancies leading to live delivery 26 (70%) 

 Number of pregnancies 1.7 (SD 1.1) 

Gestation at GDM diagnosis 28.5 weeks (SD 0.8) 

OGTT results Fasting glucose 

2-hour glucose 

5.3mmol/l (SD 0.9) 

9.3mmol/l (SD 2.0) 

HbA1c 36.6mmol/mol (SD 6.0) 

BMI 36.2kg/m2 (SD 6.7) 

Alcohol consumption (³1 unit/week) 3 (7.5%) 

 Number of units 1 unit/week (SD 0.0) 

Smoking Current 

Ex-smoker 

Never 

3 (7.5%) 

17 (42.5%) 

20 (50%) 

 

3.2.4. Outcomes 

3.2.4.1. Primary outcome 

The primary endpoint for the analysis is the mean number of daily glucose readings in the CGM 

arm compared with the SMBG arm, measured between weeks 30 to 36 gestation (+/- 14 days), as 

recorded by participants in their glucose diary. 

A Shapiro Wilk test for Normality with a p value of <0.001 for the CGM suggested that data was 

not normally distributed, however the SMBG arm showed a p value of 0.265. A Mann-Whitney test was 

used to compare median values for observations. The number of glucose readings were statistically 

significantly higher in the CGM arm (median 5.8) compared with the SMBG arm (median 4.8), p= 0.001, 

U=273.5. 
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3.2.4.2. Secondary outcomes: AGP metrics at weeks 36 to 38 gestation (+/- 

14 days) 

3.2.4.2.1. IQR 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm (p=0.342) and CGM arm (p=0.492). An independent t-test was therefore used to test for the 

difference in IQR between the two arms. 

There was no significance in IQR between the SMBG arm (mean 1.7, SE 0.1) and CGM arm (mean 

1.8, SE 0.1), t=-0.233 (34), p=0.817. 

 

3.2.4.2.2. Median glucose 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for the 

SMBG arm (p=0.730) and CGM arm (p=0.272). An independent t-test was therefore used to test for the 

difference in median glucose between the two arms. 

There was no significance in median glucose between the SMBG arm (mean 4.7, SE 0.2) and CGM 

arm (mean 4.7, SE 0.2), t=-0.198 (34), p=0.844. 

 

3.2.4.2.3. Time in target range (4-7.5mmol/l) 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

the SMBG arm (p=0.046) although fails to reject this hypothesis for the CGM arm (p=0.180). A Mann 

Whitney test was therefore used to test for the difference in TIR between the two arms. 

There was no significant difference between TIR in the SMBG arm (median 69.1) compared with 

the CGM arm (median 70.4), p=0.639, U= 177.0, z=0.49. 

 

3.2.4.2.4. Time above target range (>7.5mmol/l) 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

both the SMBG arm (p=0.03) and the CGM arm (p=<0.001). A Mann Whitney test was therefore used to 

test for the difference in TAR between the two arms. 

There was no significant difference between TAR in the SMBG arm (median 2.2) compared with 

the CGM arm (median 2.9), p=0.975, U= 160.5, z=0.32. 
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3.2.4.2.5. Time below target range (<4mmol/l) 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm (p=0.56) and CGM arm (p=0.174). An independent t-test was therefore used to test for the 

difference in TBR between the two arms. 

There was no significance in TBR between the SMBG arm (mean 28.7, SE 4.0) and CGM arm 

(mean 25.2, SE 4.2), t=0.591 (34), p=0.558. 

 

3.2.4.2.6. Glucose Instability 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

the CGM arm (p=0.012) although fails to reject for the SMBG arm (p=0.194). A Mann Whitney test was 

therefore used to test for the difference in instability between the two arms. 

There was no significant difference between instability in the SMBG arm (median 18.7) compared 

with the CGM arm (median 16.9), p=0.827, U=154, z=-0.238. 

 

3.2.4.2.7. GMI 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm (p=0. 923) and CGM arm (p=0.164). An independent t-test was therefore used to test for the 

difference in GMI between the two arms. 

There was no significance in GMI between the SMBG arm (mean 35.7, SE 0.7) and CGM arm 

(mean 36.1, SE 0.8), t=-0.890 (34), p=0.666. 

 

3.2.4.3. Secondary outcomes: clinical measurements 

3.2.4.3.1. Blood pressure (BP) at visit 6 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm, systolic BP (p=0.116) and diastolic BP (p=0.083), and CGM arm, systolic BP (p=0.902) and 

diastolic p=0.074). An independent t-test was therefore used to test for the difference in systolic and 

diastolic BP between the two arms. 

There was no significant difference in systolic BP between the SMBG arm (mean 121.7 mmHg, 

SE 2.4) and CGM arm (mean 120.8 mmHg, SE 2.8), t=0.227 (34), p=0.822, and there was no significant 

difference in diastolic BP between the SMBG arm (mean 71.8 mmHg, SE 2.3) and CGM arm (mean 74.8 

mmHg, SE 2.3), t=-0.927 (34), p=0.360. 
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3.2.4.3.2. Weight at visit 6 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm (p=0.5594) and CGM arm (p=0.647). An independent t-test was therefore used to test for the 

difference in weight between the two arms. 

There was no significant difference in weight between the SMBG arm (mean 95.7 kg, SE 6.5) and 

CGM arm (99.3 kg, SE 5.2), t=-0.430 (33), p=0.670. 

 

3.2.4.4. Secondary outcomes: Maternal and foetal outcomes 

3.2.4.4.1. Gestation at delivery 

A Shapiro Wilk test for Normality leads to rejection of the hypothesis of normal distribution for 

the SMBG arm (p=0.45), although fails to reject for the CGM arm (p=0.224). Hence a Mann Whitney test 

was used to test for the difference in gestation between the two arms. 

There was no significant difference between the SMBG arm (median 38.4) and the CGM arm 

(median 38.2), p=0.496, U=156, z=-0.703. 

There were 3 preterm deliveries (15%) in the SMBG arm, and no preterm deliveries in the CGM 

arm. A Chi-Square test was performed using Fisher’s Exact test to test for the difference between preterm 

delivery in the two arms. There was no significant difference between the number of preterm births in 

the SMBG arm compared with the CGM arm, C2 (1) =3.619, p=0.097. 

 

3.2.4.4.2. Method of delivery 

In the SMBG arm there were 8 normal vaginal deliveries (40.0%), 2 instrumental deliveries 

(10.0%), and 5 each of elective caesarean sections (25.0%) and emergency caesarean sections (25.0%). In 

the CGM arm there were 6 normal vaginal deliveries (30.0%), 1 instrumental delivery (5.0%), 3 elective 

caesarean sections (15.0% and 8 emergency caesarean sections (40.0%). 

A Chi Square test with Fisher’s Exact test was performed to test for the difference in method of 

delivery. There was no significant difference between method of delivery between the SMBG arm 

compared with the CGM arm, C2 (3) =1.711, p=0.667. 

 

3.2.4.4.3. Birth weight 

A Shapiro Wilk test for Normality fails to reject the hypothesis of normal distribution for both the 

SMBG arm (p=0.463) and the CGM arm (p=0.968). An independent t-test was therefore used to test for 

the difference in birth weight between the two arms. 

There was no significant difference between the SMBG arm (mean 3.35kg, SE 0.1) and the CGM 

arm (mean 3.35kg, SE 0.8), t=0.02 (36), p=0.984. 
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3.2.4.4.4. APGAR scores 

A Shapiro Wilk test for normality leads to rejection of the hypothesis of normal distribution for 

the SMBG arm for APGAR scores at 0 minutes (p=0.001), 5 minutes (p=<0.001) and 10 minutes (p=<0.001), 

and the CGM arm APGAR scores at 5 minutes (p=0.012) and 10 minutes (p=<0.001), but fails to reject the 

hypothesis for the CGM arm APGAR score at 0 minutes (p=0.062). A Mann Whitney test was therefore 

used to test for the difference in APGAR scores between the two arms. 

There was no significant difference between APGAR scores at 0 minutes in the SMBG arm 

(median 8.5) and CGM arm (median 8.0), p= 0.534, U=201.5, z=0.693; at 5 minutes in the SMBG arm 

(median 9.0) and CGM arm (median 9.0), p= 0.209, U=211.5, z=1.441; and at 10 minutes in the SMBG arm 

(median 9.0) and CGM arm (median 9.0) p= 0.107, U=85.0, z=2.101. 

 

3.2.4.4.5. Foetal outcomes 

There were 4 admissions to the neonatal unit (10%); 3 in the SMBG arm (7.5%) and 1 in the CGM 

arm (2.5%). The mean duration of admission was 17.5 days, standard deviation 17.21 days. A Chi Square 

test with Fisher’s Exact test was performed to test for the difference in admissions to the neonatal unit. 

There was no significant difference between number of admissions to the neonatal unit between the 

SMBG arm compared with the CGM arm, C2 (1) =0.897, p=0.606. 

There were 2 recorded neonatal hypoglycaemic episodes (5.0%), 1 in the SMBG arm (2.5%) and 

1 in the CGM arm (2.5%). A Chi Square test with Fisher’s Exact test was performed to test for the difference 

in neonatal hypoglycaemia episodes between the two arms. There was no significant difference between 

the SMBG arm compared with the CGM arm, C2 (1) =0.006, p=1.00. 

There were 3 reported incidents of birth injury to the neonate (7.5%); all were reported as minor. 

2 occurred in the SMBG arm (5.0%) and 1 occurred in the CGM arm (3.5%). A Chi Square test with Fisher’s 

Exact test was performed to test for the difference in birth injury between the two arms. There was no 

significant difference between the SMBG arm compared with the CGM arm, C2 (1) =0.257, p=1.00. 

There were no recorded congenital malformations or incidents of shoulder dystocia in either 

arm. 

 

3.2.4.4.6. Maternal outcomes 

10 participants received antenatal steroids prior to delivery (25.0%); 4 (10.0%) were in the SMBG 

arm and 6 (15.0%) were in the CGM arm. 

1 participant (2.5%) received a sliding scale during labour; this participant was in the SMBG arm. 
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9 participants (22.5%) experienced a degree of maternal trauma during delivery; 5 (12.5%) in the 

SMBG arm included 4 episodes of post-partum haemorrhage and one retained placental product and 4 

(10.0%) in the CGM arm included 3 episodes of post-partum haemorrhage and one vaginal tear. 

2 participants (5.0%) experienced hypertension in pregnancy prior to, or at the time of, delivery. 

There was one case (2.5%) in each arm. There was one reported case of pre-eclampsia (2.5%) and this 

occurred in the SMBG arm. 

 

3.2.4.5. Secondary outcomes: Therapy 

23 participants (57.5%) of participants were commenced on therapy during the course of the 

study, including either metformin (16, 40.0%), insulin (2, 5.0%) or a combination of both (5, 12.5%). 

A Chi Square test with Fisher’s Exact test was performed to test for the difference in treatment 

modalities between the two arms. There was no significant difference between the SMBG arm compared 

with the CGM arm, C2 (2) =3.109, p=0.310. 

 

3.2.4.6. Secondary outcomes: Actual tests compared with diary entries 

The number of glucose tests performed by each participant as captured by the glucose meter or 

Freestyle Libre iCGM (the ‘actual’ number of tests performed) between weeks 30 to 36 gestation (+/- 14 

days) was compared with the number of glucose tests recorded by each participant in the diary. 

A Shapiro Wilk test for Normality leads to rejection of the null hypothesis for the CGM arm for 

both the actual number of tests (p=<0.001) and number of tests recorded in the diary (p=<0.001), but not 

for the SMBG arm (p=0.163 and p=0.133 respectively). Hence a Wilcoxon signed rank test is used to 

compare median values for these paired observations. 

There was no significant difference in the SMBG arm between the actual number of glucose tests 

performed (median 4.7) compared with the number recorded in the diary (median 4.9), p=0.737, z=0.336. 

In the CGM arm there were significantly more actual glucose tests performed (median 6.2) compared with 

the number recorded in the diary (median 5.7), p=0.006, z=-2.722. This can be seen in Figure 16. 
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Figure 16 Box plot comparing actual number of glucose tests performed by participants with those recorded 

in participants' diaries in the CGM arm (n=20) compared with the SMBG arm (n=20). Outliers are defined as values 
between 1.5 IQRs and 3 IQRs from the end of the box. Extreme values are defined as greater than 3 IQRs from the end 
of the box. 

 

3.2.4.7. Secondary outcomes: questionnaire 

Mann Whitney tests were used to compare the questionnaire responses in the SMBG arm with 

those in the CGM arm, since these data were ordinal in nature with non-parametric distributions. 

The outcome of the Mann Whitney test for each of the questions within the questionnaire are shown in   
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Table 9 below. There was a statistically significant difference between the SMBG arm and CGM 

arm in six out of the nine questions. 
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Table 9 GDM satisfaction questionnaire results 

Question Response Results – 

SMBG arm 

(n=20) 

Results – 

CGM arm 

(n=20) 

Mann 

Whitney 

test 

1. It was convenient for me to test my 

sugar levels 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

1 (5.3%) 

3 (15.8) 

5 (26.3%) 

8 (42.1%) 

2 (10.5%) 

1 (5.6%) 

1 (5.6%) 

0 (0%) 

1 (5.6%) 

15 (83.3%) 

U=286.0 

p=<0.001 

2. I found it easy to do 6 tests a day, 

every day 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

2 (10.5%) 

6 (31.6%) 

6 (31.6%) 

4 (21.1%) 

1 (5.3%) 

0 (0%) 

0 (0%) 

2 (11.1%) 

6 (33.3%) 

10 (55.6%) 

U=303.0 

p=<0.001 

3. Testing my sugar levels fitted into 

my lifestyle 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

2 (10.5%) 

7 (36.8%) 

4 (21.1%) 

4 (21.1%) 

2 (10.5%) 

0 (0%) 

1 (5.6%) 

3 (16.7%) 

6 (33.3%) 

8 (44.4%) 

U=272.5 

p=0.002 

4. I had confidence in the equipment I 

used to test my sugar levels 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

0 (0%) 

1 (5.3%) 

2 (10.5%) 

9 (47.4%) 

7 (36.8%) 

0 (0%) 

0 (0%) 

2 (11.1%) 

2 (11.1%) 

14 (77.8%) 

U=236.0 

p=0.26 

5. I found that testing my sugar levels 

helped me understand my gestational 

diabetes better 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

0 (0%) 

1 (5.3%)  

3 (15.8%) 

4 (21.1%) 

1 (57.9%) 

0 (0%) 

0 (0%) 

2 (11.1%) 

3 (16.7%) 

13 (72.2%) 

U=198.5 

p=0.324 

6. I would be happy to continue using 

this equipment to test my sugar levels 

if needed in the future 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

0 (0%) 

2 (10.5%) 

5 (26.3%) 

5 (26.3%) 

7 (36.8%) 

0 (0%) 

0 (0%) 

0 (0%) 

1 (5.6%) 

17 (94.4%) 

U=273.0 

p=0.001 
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7. I felt embarrassed or reluctant to 

test my sugar levels when around 

other people 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

8 (42.1%) 

6 (31.6%) 

4 (21.1%) 

1 (5.3%) 

0 (0%) 

10 (55.6%) 

7 (38.9%) 

1 (5.6%) 

0 (0%) 

0 (0%) 

U=133.0 

p=0.258 

8. I found it painful or uncomfortable 

to test my sugar levels 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

3 (15.8%) 

7 (36.8%) 

4 (21.1%) 

5 (26.3%) 

0 (0%) 

15 (83.3%) 

1 (5.6%) 

2 (11.1%) 

0 (0%) 

0 (0%) 

U=53.0 

p=<0.001 

9. If you experienced pain or 

discomfort with testing: I found that 

the discomfort stopped me from 

doing a test some or all of the time 

Strongly disagree 

Disagree 

Neutral 

Agree 

Strongly agree 

4 (26.7%) 

6 (40.0%) 

2 (13.3%) 

3 (20.0%) 

0 (0%) 

7 (70.0%) 

2 (20.0%) 

1 (10.0%) 

0 (0%) 

0 (0%) 

U=39.0 

p=0.048 

 

3.2.4.7.1. Questionnaire individual comments 

Participants were given the opportunity to give their opinion on their glucose testing equipment. 

A representative sample is included here: 

Arm Comments 

SMBG ‘Sometimes uncomfortable, made my fingertips sore’ 

‘I would prefer an easier way to do it if possible’ 

‘Didn’t like to test whilst out in front of others’ 

‘Confident and happy to do it when needed 

‘Finding the appropriate time to test was a challenge. Smaller and more frequent meals 
meant I was unsure when to test’ 

‘Very painful finger pricking at the beginning (really put me off)’ 

‘It’s hard to keep 6 times a day record because of different routine’ 

CGM ‘I found that scanning was very easy and quick which makes it convenient’ 

‘It was easier to test at work discretely’ 

‘It was useful to know what my levels were at any point during the day or night’ 

‘Much easier with the scanner, no need to worry about needles or blood. Very good 
and made me want to actually test’ 

‘I enjoyed testing and seeing the different readings’ 

‘Pain-free and comfortable’ 

‘Quick and easy, much better than finger pricking’ 
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3.2.4.8. Secondary outcomes: post-partum exploratory analysis 

11 participants took part in the post-partum sub-group aspect of the study. The analysis of the 

CGM data from the Freestyle Libre Pro pre-partum and post-partum for these participants is shown in 

Table 10. 

 

Table 10 Post-partum glucose data (n=11) 

Glucose metric Median Pre-

partum (n=11) 

Median Post-

partum (n=11) 

Significance 

IQR (mmol/l) 1.6 1.2 p=0.021 (Wilcoxon 

signed rank test) 

Median (mmol/l) 4.8 4.8 p=1.0 (Wilcoxon 

signed rank test) 

Mean (mmol/l) 4.9 4.9 p=0.966 (Wilcoxon 

signed rank test) 

Time above range (>7.5mmol/l) 

(%) 

1.9 1.9 p=0.492 (Wilcoxon 

signed rank test) 

Time in range (4-7.5mmol/l) (%) 70.4 80.3 p=0.040 (paired t-

test) 

Time below range (<4mmol/l) (%) 21.3 17.1 p=0.341 (paired t-

test) 

Instability 16.8 15.5 p=0.180 (paired t-

test) 

GMI 35.7 35.8 p=0.966 (Wilcoxon 

signed rank test) 

 

 

3.2.5. Adverse outcomes and harm 

13 AEs were reported during the study. One was classed as a serious adverse event; this was due 

to admission to hospital for inpatient treatment for pyelonephritis and felt to be a non-pregnancy or 

diabetes related infection. One was classed as a related and expected AE as listed in the protocol and was 

due to a localised skin reaction to the adhesive patch of the Freestyle Libre sensor (a known side effect). 

The remaining AEs included three incidents of threatened pre-term labour, one pre-term labour, one 

premature rupture of membranes, mild gastroenteritis, urinary tract infection, toothache requiring 
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antibiotics, admission due to suspected diabetic ketoacidosis, post-operative infection following 

caesarean section, and symptoms of pre-existing perianal fistula. 

All AEs were resolved without sequelae and all affected participants continued as planned with 

the study. 
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4. Discussion 

4.1.  Overall findings 

These findings are consistent with the overall hypothesis that CGM can provide readily available 

and more detailed glucose metrics to examine glycaemic control and aid management compared with 

SMBG and HbA1c measurement. This is demonstrated in both studies in a number of ways, showing 

glycaemic profiles that have not previously been well established in GDM and patients with diabetes 

receiving PERT. 

Whilst the DRIVE-PEI study has not demonstrated a significant change in glycaemic control 

following PERT administration, it has shown the variation in glycaemic metrics in a diverse and real-life 

population of patients with largely longstanding diabetes in addition to PEI, and how these may be far 

from the idealised glycaemic targets. The exploratory nature of this relatively small study has opened up 

further questions and identified potential future work, particularly in relation to the heterogenous nature 

of the study population and the possibility of narrowing down certain characteristics to optimise the 

significance of any change in glycaemic control. 

The results from DRIVE-GDM have demonstrated that iCGM provides an easy to use tool for 

monitoring glucose levels in GDM and shows that participants were more satisfied with iCGM than SMBG. 

It has also highlighted the glycaemic profile of women with GDM, demonstrating the varying times spent 

in target ranges at the time of diagnosis and shortly prior to delivery, following monitoring and 

intervention where indicated. 

For both studies, glycaemic instability has been calculated. This is a measure of within-day 

variability, in contrast to IQR which is a measure of day-to-day variability, and represents the amount of 

fluctuation in glucose values over minutes to hours within a 24-hour period. Unlike glucose variability, 

there are no universally recognised methods for measurement or targets for glycaemic instability and the 

above two studies demonstrate typical instability for these two patient populations. 

 

4.2.  DRIVE-PEI 

4.2.1. Novel findings 

4.2.1.1. AGP metrics 

The study found that there was no significant difference in any of the glucose metrics measured 

or calculated, including IQR which was the primary outcome measure of the study. There was a small but 

non-significant reduction in glucose variability as measured by median IQR from pre-PERT 6.6 mmol/l to 

post-PERT 5.7 mmol/l. Whilst overall this apparent change in median IQR is close to the anticipated 

significant reduction in IQR of 1mmol/l as seen in the representative analysis for the sample size 
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calculation, there is considerable heterogeneity within the patient data collected, such as the mixed T1DM 

and T2DM study population. The standard deviation pre- and post- PERT of 2.7 and 1.9 respectively, which 

is larger than the standard deviation of the representative sample of 1.2mmol/l, would explain the lack of 

statistical significance. 

There were additional small but non-significant changes in TIR and TAR. Mean TIR reduced very 

slightly from 29.5% to 28.7%. Mean TAR increased slightly from 65.7% to 67.8%. Considering that 

achieving TIR of at least 50% and TAR of less than 25% are targets for optimal glycaemic control, this 

suggests that overall the study population had fairly poor glycaemic control prior to commencing the 

study. Furthermore, there was a very small but non-significant rise in median TBR from 1.5% pre-PERT to 

2.2% post-PERT. Overall there were negligible changes in median glucose, mean instability and mean GMI 

pre- and post- PERT. 

Given that CGM data has not been studied in patients with PEI previously, all AGP metric 

outcomes are novel findings in that they reveal more glycaemic patterns in patients with PEI and diabetes 

than has previously been possible to show. 

This indicates that, in the study population, initiating PERT therapy in patients with diabetes and 

PEI does not have a significant impact upon glycaemic control during the first 8 weeks of treatment, and 

while there is a small but non-significant increase in hypoglycaemia <4mmol/l, and a small but non-

significant reduction in time in target range and increase in time in hyperglycaemia >10mmol/l, PERT can 

be considered to be clinically overall neither beneficial nor harmful to glycaemic control in this small group 

of diabetes patients studied. 

 

4.2.1.1.1. Primary outcome exploration 

Whilst statistically there is no significant change in IQR, given that this was such a heterogenous 

study population, as discussed further in section 4.2.3, and that there is a wide variation in the pre- and 

post-PERT values (demonstrated by the range and distribution of individual participants, shown in 

Appendix 6.6), it is possible that certain individuals may have had a greater, or lesser, change in glucose 

variability with PERT, and that future studies may be able to demonstrate a significant reduction in IQR. 

To illustrate this, as shown in the supplementary data in Appendix 6.6, there were a greater number of 

participants that experienced a reduction in IQR (11 participants), compared with those that experienced 

an increase in IQR (8 participants) and the mean magnitude of reduction in IQR was greater than the mean 

reduction (1.6 mmol/l compared with 0.9 mmol/l respectively). Furthermore, on reviewing the individual 

participant data, there were some individuals that appeared to have a much more marked reduction in 

IQR, including one participant that demonstrated a reduction of 5.9mmol/l as well as several participants 

recording a reduction of 2-3mmol/l, compared with more modest changes in those that experienced an 

increase in IQR where the maximum seen was 2.4mmol/l. Whilst it is certainly possible that there were 

other confounding factors that could have had an impact upon such an individual’s response, given the 

real-world nature of the study, it is certainly worth exploring further in future studies with the aim of 
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further exploring a true response in glucose variability with PERT therapy, and identifying which 

individuals and characteristics may be more likely to predispose to such a change compared with others. 

As described in section 4.2.3, due to the small number of participants it is not possible to analyse 

participants in subgroups to determine statistical significance, for example between those with T1DM and 

T2DM, or other characteristics such as medication or duration of diabetes. However, it is feasible that 

since some participants appeared to respond to a greater degree, it would be possible to identify 

characteristics to predict which individuals would be more likely to experience glycaemic benefit from 

PERT, and possibly those for whom there would be less benefit, or potentially even a slight deterioration 

in glycaemic control, although as demonstrated the rise or worsening in glycaemic parameters appears to 

be less compared with the reduction or improvement. 

 

4.2.1.2. Laboratory and clinical measurements 

There was no significant change in HbA1c measured pre- and post- PERT therapy, with a small 

but non-significant reduction from pre-PERT 76.2 mmol/mol to post-PERT 75.6 mmol/mol. There was a 

significant increase (p=0.029) in weight post-PERT compared with pre-PERT, from 84.9 kg to 85.9kg. 

 

4.2.1.3. GI symptoms 

Symptoms of bloating, abdominal pain and diarrhoea frequency all appeared improved post-

PERT, however there was no apparent change in the frequency of flatulence or steatorrhoea. As discussed 

further in section 4.2.3.2, since this was not a validated symptom questionnaire, true conclusions cannot 

be drawn from the symptom questionnaire. 

 

4.2.2. Comparison with other studies 

As described in section 1.3.1.3, the exact effect of PERT upon glycaemic control was not well 

established prior to this study. The majority of previous studies were in patients who had co-existing 

chronic pancreatitis or cystic fibrosis, which is a different patient cohort compared to this study, and none 

of the studies employed the use of CGM technology, but rather utilised HbA1c measurement and serum 

glucose levels at defined timepoints, in addition to other serum markers. 

The results of this study are consistent with some other previous studies which have not shown 

any significant difference in HbA1c, including Ewald et al (75), though there are contrasts to be made 

between this and the DRIVE-PEI study as discussed further below. A study by Mohan et al, however, 

demonstrated a reduced HbA1c in a population of patients with tropical calculous pancreatitis (86), during 

which participants were studied over a 6-month period of PERT therapy, which is considerably longer than 

the 6-week period in this study and in a group of patients with a different underlying pathological process 

than those in DRIVE-PEI. 
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The results of this study do not show a significant difference in time spent in hypoglycaemia, 

which is in contrast to the study by Ewald et al in 2007, which showed a reduction in mild-moderate 

hypoglycaemia in patients treated with PERT (75). However, the Ewald study involved a larger sample size 

in a randomised double-blind controlled trial, and a mixed group of patients, all of whom required insulin 

therapy, but which may have included patients with T3C diabetes due to underlying chronic pancreatitis 

or other such conditions, that were not specifically excluded from the participant cohort. This is in contrast 

to the DRIVE-PEI study, which had a different study design using a single arm and within-patient 

comparisons rather than placebo control, and although was a mixed cohort of T1DM and T2DM, excluded 

participants with chronic pancreatitis or T3C diabetes. Furthermore, not all patients were receiving insulin 

therapy in DRIVE-PEI, but were taking only oral or non-insulin injectable therapies, some of which are not 

typically associated with hypoglycaemia risk (such as metformin or DPP-4 (dipeptidyl peptidase-4) 

inhibitors) alone, and this may have had an impact upon the measured time spent in hypoglycaemia. 

Additionally, the method of measurement of hypoglycaemia in the study by Ewald is unclear from the 

study reporting, but implies it is recorded from self-reported SMBG by participants, rather than as 

measured according to the study protocol – fasting and 1 and 2 hours post glucose load. This is therefore 

likely to be affected by an element of collection bias, as is inherent to all SMBG data and may partly explain 

the difference in findings. Ultimately, however, both of these methods still differ greatly from that of CGM 

as utilised in DRIVE-PEI, which records all hypoglycaemia episodes and duration including nocturnally, 

which is typically the least comprehensively recorded by SMBG, and not just those that are recognised 

and recorded by participants, or those occurring as part of a structured glycaemic test under study 

conditions. This is therefore likely to explain the difference in hypoglycaemia between the two studies. It 

is possible that within the DRIVE-PEI study there may be specific time periods that demonstrate greater 

or reduced hypoglycaemia following PERT therapy, however this would require further time-period 

analysis. These periods could then be further compared with pre-existing studies. 

In 2001 a study by O’Keefe et al demonstrated problematic hypoglycaemia and DKA in 

participants moving from placebo to PERT, and vice versa (87), neither of which have been demonstrated 

in DRIVE-PEI, in which there were no reported incidents of DKA and only a very small but non-significant 

increase in hypoglycaemia. However, all participants in the O’Keefe study had underlying chronic 

pancreatitis and therefore likely Type 3C diabetes, which is known to behave in a more brittle way than 

patients with Type 1 or Type 2 diabetes, and there is an additional risk particularly of challenging 

hypoglycaemia in such patients. This is in contrast to the participants in DRIVE-PEI, in which patients with 

chronic pancreatitis were excluded. Furthermore, whilst the sample size was larger (29 participants 

compared with 19 in DRIVE-PEI) the treatment period in the O’Keefe study was for 14 days, which could 

be considered to be a fairly short period during which to adjust to, and ultimately see benefit from, the 

introduction of PERT. These differences in study design and patient cohort may explain why there are 

differences in reported hypoglycaemia and DKA in the O’Keefe study compared with DRIVE-PEI. 

Other studies have found changes in beta cell response, GIP and GLP-1 levels and insulin 

secretion, which were not measured in this study and therefore cannot be directly compared. The exact 

effect of PERT upon glycaemic control, through these likely mechanisms such as GIP and GLP-1 stimulation 
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and the resulting slowed gastric emptying and insulin release, is not well established. Since measures such 

as variability, TBR, TIR and TAR have not previously been explored in relation to PERT, it is not possible to 

say whether the findings in this study are exactly in line with those that would be expected or not. 

However, since the proposed mechanisms would be unlikely to lead to sudden and dramatic glycaemic 

excursions, and the overall findings in DRIVE-PEI do not demonstrate substantial changes in glycaemic 

metrics but show a small but non-significant reduction in IQR, and very small changes in TIR, TAR and TBR, 

the findings of DRIVE-PEI would seem consistent with some previous studies which have demonstrated 

neither significant improvements, nor, importantly, deterioration in glycaemic control following PERT 

therapy (75,85,88). This helps support that view there is unlikely to be significant harm or worsening of 

glycaemic indices with PERT therapy in patients with diabetes. 

Overall, the impact of PERT on glycaemic control is consistent with previous studies (75), 

however the problematic hypoglycaemic and DKA reported by O’Keefe were not seen in the present 

study, which is reassuring and may be explained by study differences, as described above. It is worth 

noting that there are significant differences in the study design and patient population that make direct 

comparisons challenging between DRIVE-PEI and other studies. The key difference from other studies is 

the glycaemic recording with CGM which detects all glucose values and excursions across the 14-day 

recording period, leading to a much more accurate profile of glycaemic control than the intermittent or 

specified time point glucose measurements done by patients using SMBG.  

Additionally, the participant cohort represented a significantly different patient population from 

the majority of previous studies, which predominantly involved participants with underlying pancreatic 

disease and included a small cohort not known to have pre-existing diabetes alongside the pancreatic 

disease, rather than patients with T1DM and T2DM. Within the DRIVE-PEI study cohort, there is also 

variation of treatment modality, with the patients with T1DM exclusively insulin-treated, however the 

participants with T2DM were on a variety of oral and injectable therapies, including some of which have 

only been developed and introduced to clinical practice relatively recently, and which may not have been 

used in patients studied ten or more years ago. An example of this is the Ewald study, which appeared to 

have the greater similarity to DRIVE-PEI than many of other studies detailed in section 1.3.1.3, however 

it was conducted over ten years ago, therefore making comparison more difficult. 

Moreover, in addition to including both T1DM and T2DM patients in the study, there was a wide 

variety of pre-PERT glycaemic profiles, with many participants having sub-optimal control.  

Comparing the baseline glycaemic control of the cohort in DRIVE-PEI with that of typical 

glycaemic control in patients with T1DM and T2DM and PEI is challenging, since this is a poorly understood 

and under-recognised group. Certainly, the baseline characteristics of the DRIVE-PEI cohort suggests a 

degree of poor glycaemic control which appears to be worse than in the existing studies, but this is not 

unique to patients with diabetes and PEI, and can be seen in many patients with diabetes and is 

multifactorial, with complex effects of age, duration of diabetes, type of diabetes, psychological factors 

and other co-morbidities amongst others. Comparing the baseline glycaemic control in the DRIVE-PEI 

cohort with that of other studies is also limited, due to the mixed participant characteristics and variation 
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between studies. Some studies did not report HbA1c, and since none employed the use of CGM, it is not 

possible to directly compare separate fasting and post-prandial glucose with CGM data. 

This was a real-world study where participants were not placed under any study or artificial 

conditions, and continued their usual lifestyle including their own dietary choice, with no fixed or specified 

meals throughout the course of the study. This, along with the use of different insulins, regimes, and other 

medication in those participants with T2DM, means that the study cohort was considerably heterogenous 

in their pre-study characteristics and behaviour during the study. 

 

4.2.3. Limitations 

4.2.3.1. Participant characteristics 

Though the heterogenous nature of the cohort in the present study is more reflective of a real-

world scenario, the diversity of the patient group studied, due to differences in underlying pathology and 

treatment regimes in T1DM and T2DM, may have influenced the impact of PERT on glycaemic control. 

Due to the small sample size in the current study, it was not possible to analyse these groups separately, 

however it would be interesting to examine these separately in the future. 

The study itself involved a fairly small sample size; however, this was predicted to be adequate 

based upon statistical assumptions for the sample size calculation. With the heterogeneity of the 

participants, this was not large enough to detect a change that may be present in one particular defined 

group. The most obvious groups to define would be T1DM and T2DM, however within T2DM treatment 

modality should also be used. 

Furthermore, given the challenges surrounding the correct diagnosis of diabetes in certain 

individuals, it is possible that there may be participants with an alternative type of diabetes included in 

the study, such as undiagnosed Type 3C diabetes, further contributing to heterogeneity of the 

participants. The diagnosis used for participants in this study was that which was coded either on the 

hospital database or from primary care, and whilst the exclusion criteria were designed to exclude any 

individuals with possible underlying pancreatic disease, this was not guaranteed and it is recognised that 

no additional confirmatory tests were performed to more confidently exclude such a case, and this could 

therefore have had a further impact on the results, since this would have further diluted the underlying 

aetiology, and individuals with Type 3C may be expected to have a different metabolic response to PERT. 

Further adding to the heterogeneity of the sample group was the duration of diabetes. The mean 

duration was nearly 30 years, but with a wide range from 3 years to over 45 years. This may have had and 

an impact upon the study, since it is known that duration of diabetes is a risk factor for development of 

complications, in addition to the fact that individuals may require additional agents to manage their 

diabetes including insulin, and that their day-to-day glycaemic control and behaviour may be different 

after decades of living with diabetes. This may partly explain the baseline pre-PERT glycaemic profiles 

demonstrating sub-optimal control. 
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The medication used to manage participants’ diabetes was considerably varied in the present 

study. Of the 13 patients recruited with T1DM, these are exclusively insulin treated, however two 

participants were on insulin pump therapy rather than MDI, which could be expected to result in different 

glycaemic profiles. Of the six participants with T2DM, all participants were taking at least two different 

medications. Five of these were taking metformin, one was taking a Sulphonylurea, two were taking a 

DPP-4 inhibitor, two were taking an SGLT2 inhibitor, two were taking a GLP-1 analogue and 3 were on 

insulin therapy. Given that both GLP-1 analogues and DPP-4 inhibitors, which, through their inhibition of 

the DPP-4 enzyme prevent inactivation of GLP-1 and GIP, work on the incretin pathway, and which is the 

same pathway that is believed to be involved in the effect of PERT upon glycaemic control in diabetes and 

PEI, it is possible that the inclusion of participants on these medications may have a confounding influence 

on the study results. There were only four participants in this group in the present study and therefore a 

separate analysis could not be conducted to draw any conclusion, however it would be interesting and 

important to study the impact of such therapies on the results obtained with PERT. 

Patients with T1DM versus T2DM likely have differing underlying pathologies leading to PEI, 

however as the exact underlying mechanism is not known, and there are several proposed theories as 

described in section 1.3.1.2, exactly which predominate for each type of diabetes remains uncertain. 

Additionally, levels and activity of the incretins GLP-1 and GIP differ in T1DM versus T2DM. In T2DM it is 

well established that there is some impairment in GIP secretion, with associated reduced effect of GIP in 

terms of beta cell response and insulin secretion. Conversely, GLP-1 levels are significantly reduced, also 

with reduced beta cell response, which can be overcome by additional GLP-1 administration, with the 

resulting insulinotropic effect that has led to the development of GLP-1 analogues as an effective therapy 

for patients with T2DM (113). In contrast, patients with T1DM lack the beta cell response to incretins due 

to the autoimmune destruction of the islet cells which characterise the disease, limiting or eliminating the 

possible insulin secretion through incretin stimulation. There is, however, some evidence to suggest that, 

particularly early in the disease, GLP-1 therapy may have a beneficial effect on beta cells such as reducing 

the autoimmune damage and enabling beta cell regeneration (114), in addition to benefitting from the 

non-beta cell effects from GLP-1 such as delaying gastric emptying and glucagon inhibition, which can 

have a beneficial impact on post-prandial hyperglycaemia (91). Since the proposed mechanism by which 

PERT may improve glycaemic control in patients with diabetes and PEI involves the effect of PERT on 

incretin levels (as demonstrated in section 1.3.1.3), the differences in incretin levels and subsequent 

possible effects in T1DM and T2DM is very likely to be different and therefore analysing the effect as one 

heterogenous group is unlikely to demonstrate the true impact. 

Furthermore, given that some patients with diabetes, particularly those with T1DM, can develop 

gastroparesis as a complication of their diabetes, in which severely delayed gastric emptying is a feature 

associated with challenging post-prandial glycaemic control, patients with co-existing gastroparesis may 

not benefit from enhanced GLP-1 levels in the same way as those with normal, or even rapid gastric 

emptying due to suboptimal GLP-1 levels. There was only one participant with known gastroparesis in this 

study, however this may have made a small contribution to differing responses to PERT therapy. 
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4.2.3.2. Study design, techniques and analysis 

Recruitment to the study was challenging at times, and a particular limitation was that of the 

need for a stool sample for FE1 prior to recruitment. The study team received significant interest from 

many patients attending the department during the running of the study, upon routine questioning of 

gastrointestinal symptoms during diabetes consultations and through study advertising. However, 

significantly fewer participants proceeded to perform FE1 testing to confirm a suspected diagnosis of PEI, 

and therefore recruitment to the study was limited and slow. In order to optimise recruitment, other 

clinical departments were involved, including extending study advertising to primary care practitioners to 

raise awareness, and screening of FE1 results from the pathology lab was undertaken to identify potential 

participants with diabetes but whom were not undertaking their testing through diabetes consultations. 

Despite these challenges, the intended sample size was recruited to the study, but these barriers would 

need to be considered for any future studies. 

The parameters chosen to evaluate the various glucose metrics in the AGP are becoming more 

standardised, however IQR as a measure of variability is still not widely adopted and there are other 

calculations and representations that can be applied to describe glucose variability, and these could have 

provided alternative measures by which to explore the association between PERT and glycaemic 

variability. 

IQR was selected as the primary measure of variability as it represents a simple concept which is 

easily identified visually on the AGP (as the distance between the 25th and 75th centile lines). Further to 

this, it is a valid measurement for all subjects which can be directly compared by time of day independent 

of the distribution of the glucose values. In contrast, a measure of variability such as coefficient of 

variation (based upon the standard deviation), is only a truly valid measurement where glucose levels are 

normally distributed, so for a patient whose control is not normally distributed (such as that shown in 

Figure 9), it would be inappropriate to use this metric. Coefficient of variation and IQR do often correlate 

well across many populations, however IQR has wider validity in making direct comparison, and therefore 

was the preferred option for the DRIVE studies. 

The use of an unvalidated gastrointestinal symptom questionnaire was a significant limitation in 

this study. At the time of study development, a number of gastrointestinal symptom questionnaire tools 

were validated and available, however it was felt that these were not fully appropriate for use with this 

patient cohort. Existing questionnaires typically focussed on a much greater breadth of gastrointestinal 

symptoms including upper gastrointestinal tract symptoms which were felt to be irrelevant and 

significantly added to the burden of the questionnaire for participants, and often lacked inclusion of 

symptoms associated with PEI such as steatorrhoea. Moreover, many existing questionnaires were not 

designed for individuals with co-existing chronic conditions such as diabetes and therefore the assessment 

on quality of life did not take this into account. 
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However, the questionnaire designed for use in this study was not validated prior to use, and 

this represents a significant shortcoming and it is not possible, therefore, to draw conclusions regarding 

the change in symptoms before and after PERT. The stability of symptoms in PEI day-to-day in individuals 

is not known, and focussing on the five key symptoms of PEI may have missed other relevant symptoms. 

Should further studies be undertaken, development and validation of a PEI-focussed, but broad 

enough, questionnaire that is appropriate to use in co-existing chronic health conditions should be a 

priority. The process of validating such a questionnaire includes a design process that ensures the 

questionnaire is specific and relevant to the target population. The questionnaire should undergo early 

testing and review with experts and a small sample population, with feedback and revision of the 

questionnaire as required to ensure content validity. Larger scale pilot testing can then be undertaken 

amongst a sample of intended respondents to ensure that the questionnaire is reliable with repeated 

testing by the same individual as well as testing between different individuals (115–117). Further validity 

can be ensured through construct validity testing, by evaluating the new questionnaire alongside pre-

existing questionnaires to observe positive, or negative, correlation (115). 

Additionally, the use of the Freestyle Libre may have its own limitations. The device measures 

interstitial fluid rather than blood, and there is a small delay between these two measurements. Though 

usually this is not clinically significant, at times of rapidly changing glucose, this may result in some 

differences. There is also a possibility of a differing response of the Freestyle Libre sensor between T1DM 

and T2DM, however there is no data to support this currently. In addition, there is a possibility that certain 

medications may have an impact; it is known that high levels of ascorbic acid and salicylic acid may impact 

upon the glucose levels detected by the sensor (30), and whilst a full drug history was taken and updated 

at each study visit for each participant and no such usage was reported, it is possible that there were 

incidents of either of these medications  or supplements, or possibly new medications whose impact is 

not yet known, which may have affected the glucose recording. 

 

 

4.3.  DRIVE-GDM 

4.3.1. Novel findings 

4.3.1.1. Glucose testing 

The results of this study show that participants using iCGM during pregnancy record significantly 

more glucose tests per day in their diary than women using SMBG (iCGM median 5.8 recordings/day 

compared with SMBG median 4.8 recordings/day). This has not previously been demonstrated in other 

studies. 

In addition, the women using iCGM performed significantly more tests per day than they 

recorded in the diary data, which is in contrast to those using SMBG where the number of tests performed 
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was not significantly different to those written down in the diary. This indicates that women using iCGM 

are willing to perform more tests than the minimum number advised by their clinical care team, and do 

so spontaneously. 

There may be a number of reasons to explain both of these findings. This includes the ease of 

testing and the availability of the equipment – test strips for SMBG can easily run out as they are single 

use and are therefore dependent on adequate supply via prescription, which necessitates frequent 

contact with primary care and pharmacies, and supplies will be depleted more quickly if tests above the 

recommended number are performed. In contrast, one Freestyle Libre sensor will last up to 14 days, 

provided it does not become unattached, and can perform unlimited tests within this time period. From 

personal clinical experience, patients with GDM frequently struggle to get adequate test strip supplies 

from primary care as they have a new diagnosis, which often results in a delay in ongoing prescription 

requests being recognised from clinic communication, and the need for such frequent testing is often not 

fully appreciated in primary care, and there is often limitation of the number of strips supplied at any one 

time due to prescribing guidance and budget pressure in primary care, and these issues can therefore 

often impact upon SMBG performed by women. Additionally, the pain from SMBG is often a factor, with 

women at times reluctant to perform tests due to the discomfort of finger-prick tests, as demonstrated 

by the results of the questionnaire, and who are therefore unlikely to willingly perform many additional 

tests above and beyond the recommended frequency. Whilst the Freestyle Libre sensor application 

requires the temporary insertion of a needle, this process only needs to occur once every 14 days, rather 

than 6 times per day as with SMBG. 

The Freestyle Libre iCGM is also less obtrusive, as it can be scanned through clothing and does 

not require the use of needles and small blood samples, or multiple steps or items of equipment, and can 

be done in all light settings including the dark, unlike SMBG which requires reasonable lighting. It is 

considered to be move hygienic and clean, and does not require washing of hands prior to performing the 

test unlike with SMBG, and is also less technically difficult, unlike SMBG in which more than one attempt 

may occasionally be required to achieve an adequate blood sample and to co-ordinate this with the test 

strip. For these reasons CGM is likely to be seen as more subtle to perform in a variety of situations, and 

to be seen as safer and more convenient. For the GDM population, some of whom may have young 

children from previous pregnancies, as well as occupational and other caring responsibilities, these are 

important considerations and are likely to result in women using CGM being less likely to delay or avoid a 

test completely when it is required to be performed in many day-to-day environments, such as when at 

work, when dining out and shopping, when caring for children and other such situations, compared with 

SMBG. Whilst not utilised in this study, patients with compatible smart phones can use these instead of 

the separate hand-held reader to scan the Freestyle Libre sensor. This can eliminate the need for carrying 

extra hardware and also provide an enhanced level of convenience, instant-access and greater frequency 

of glucose testing with CGM. 

It is known that many patients with diabetes may experience anxiety and embarrassment around 

performing SMBG, and that performing a finger prick test can attract even minor attention which may be 



 89 

distracting and upsetting for some patients. This remains true for women with GDM, who are asked to 

rapidly adjust their daily routine to incorporate six SMBG tests per day. These anxieties may well result in 

some women refraining from testing when not in a private environment. Whilst patients using and 

wearing the Freestyle Libre sensor and scanning system may also at times feel self-conscious or 

embarrassed by how visible the sensor is, which may also attract some attention, overall CGM is likely to 

improve the frequency of tests per day as each test itself is less obtrusive, as described above. 

Furthermore, using the Freestyle Libre for glucose testing provides additional information 

compared with that of standard SMBG glucometers, such as the direction and rapidity of change as well 

as a snapshot graph of the preceding eight hour glycaemic trend, which can encourage some individuals, 

particularly those that are more motivated and engaged in their GDM management, to continue to 

perform tests to gain even further insight, as these additional tools enable greater understanding of the 

direction of glucose change, which can be more insightful and less frustrating than a single isolated 

reading out of context as seen with SMBG. This can also help inform individuals on the diet and lifestyle 

factors that can positively or negatively influence their blood glucose levels. The reader device is also 

more functional and appealing to use, with a coloured screen, a user-friendly and intuitive log-book and 

history function, as well as the ability to set integrated reminder alarms. 

Furthermore, there were some women in the iCGM arm who performed a much greater number 

of scans per day, with three individuals averaging 10 tests per day, and in one case 18 per day, and some 

who performed tests only as they were asked to. The reasoning behind this is unclear, and there are no 

specific participant characteristics that can be linked to this. From free-text comments in the 

questionnaire and from experience in running the trial, these women tended to be particularly motivated 

and interested, and it is likely that they engaged well with the technology and intuitively responded to it’s 

enhanced potential with regards to glucose monitoring and trend analysis. Further or more in-depth 

training into the use of iCGM may have enabled more women in this arm to fully realise the technology’s 

potential and may have enhanced the results further; particularly it would be interesting to observe 

whether this would have resulted in an impact upon glycaemic control. However, for the purposes of this 

first study into the use of iCGM as a replacement for SMBG, the intention was to analyse whether iCGM 

represented a realistic tool with increased daily testing compared with SMBG, and therefore the study 

and iCGM training was designed with this in mind. In any future studies, it would be important to employ 

greater training for women and utilisation of iCGM technology, enabling women to access and exploit the 

extensive glucose data available, in order to fully examine the impact of iCGM upon glycaemic control in 

GDM. 

 

4.3.1.2. AGP metrics 

There was no significant difference in any of the specified AGP metrics during the final two weeks 

of pregnancy between the two arms. There was a small non-significant reduction in instability; 18.7 

mmol/l/day in the SMBG arm compared with 16.9 mmol/l/day in the CGM arm.  
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There are no established targets for TIR, TAR and TBR in GDM due to a lack of published global 

data and limited use of CGM in GDM. There are suggestions that focus upon overnight glucose excursion 

in particular may be necessary in order to optimise glycaemic profiles in GDM (42). This study found that 

time spent in each target range were not significantly different in each arm. At the end of pregnancy, 

median TIR in the SMBG arm was 69.1% compared with 70.4% in the CGM arm, whilst median TAR was 

2.2% compared with 2.9% respectively and mean TBR was 28.7% and 25.2% respectively. In addition, 

there was no significant difference in the therapy initiation in either arm.  

These time in target range distribution corresponds with AGP metrics from the first two weeks 

after diagnosis, with pooled results which reveal mean TIR 68.37% (median 72.83%), mean TAR 6.29% 

(median 2.55%) and mean TBR 25.33 (median 18.43%). These early metrics are almost entirely without 

any impact of medication, since the majority of women did not commence any therapy during this time, 

and none were commenced on insulin with its resulting hypoglycaemia risk. Therefore, these results 

suggest that there is natural physiological hypoglycaemia occurring in pregnancy in women with GDM, 

with over a quarter of time spent below the 4mmol/l threshold for hypoglycaemia, suggesting that 

perhaps the threshold for defining hypoglycaemia in GDM could be safely lowered, and it should be noted 

that emerging guidance on glycaemic targets in GDM suggest that the definition of hypoglycaemia in 

pregnancy should be below 3.5mmol/l, rather than below 4.0mmol/l (42). These results also demonstrate 

that the aims of glycaemic control in GDM are very marginal, since the time spent above the target range 

is only a very small proportion of overall glycaemic values. 

 

4.3.1.3. Maternal and foetal outcomes and clinical measurements 

There were low numbers of occurrences of adverse maternal and foetal outcomes, since most 

adverse outcomes are rare. Where possible to calculate, there were no significant difference in the 

number occurring in either arm, however there were small numbers of each, if occurring at all, in either 

arm and it is therefore difficult to compare whether CGM has any true impact upon outcomes in this 

sample size. 

There was no significant difference in maternal blood pressure or weight in either study arm. 

 

4.3.1.4. Maternal satisfaction questionnaire 

In this study, women using iCGM had statistically significantly better satisfaction opinions in 

response to a number of questions than those using SMBG. These include how convenient it was to test 

glucose levels (p<0.001), ease of doing 6 tests per day (p<0.001), how easily testing glucose levels fitted 

into existing lifestyle (p=0.002) and being happy to continue using equipment in future if required 

(p=0.001). In addition, women in the CGM arm reported that they found it less painful to test their glucose 

levels (p<0.001) and it was less likely that pain would stop them from performing glucose testing (p=0.048) 

than in the SMBG arm. 
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4.3.1.5. Post-partum analysis 

There were small numbers of women in the post-partum aspect of the study. These results would 

suggest that there are almost identical mean and median glucose values pre- and post-partum, however 

there is a statistically significant reduction in IQR post-partum (p=0.021), in addition to a significant 

increase in TIR post-partum (p=0.040), which would suggest there is reduced glycaemic variability post-

partum without a significant change in average glucose. There is a small non-significant reduction in TBR 

and instability. These findings could also demonstrate that whilst glycaemic exposure may be similar pre- 

and post-partum, there may be greater range and variability of glycaemic control pre-partum compared 

with post-partum. 

 

4.3.2. Comparison with other studies 

Direct comparisons with other studies are challenging since the majority of studies of CGM in 

pregnancies affected by GDM have either used intermittent, retrospective or blinded CGM alongside 

simultaneous SMBG, or have utilised CGM as a way to assess another intervention, rather than as the 

intervention itself. 

These results do not show any change in glucose variability, which is in contrast to the study by 

Alfadhli et al which demonstrated a reduction in glycaemic variability (106). The study by Alfadhli was 

considerably larger, involving 130 women with GDM, and the CGM was utilised as a short-term 

educational advice for women at the time of diagnosis of GDM rather than as a tool throughout the 

remainder of their pregnancy. Additionally, the CGM in their study was only utilised for 3-7 days, and 

glycaemic metrics were analysed on a single day basis, rather than combined as is more typical with CGM 

and AGP data, and as such the variability measure is representing only a single day rather than a 14-day 

period. However, there were some similarities between the Alfahadli study and DRIVE-GDM, in that there 

were no other differences shown in other glycaemic metrics, requirement for insulin, or adverse maternal 

or foetal outcomes.  

A research team in Poland have recently published a study protocol for a trial directly comparing 

the use of SMBG with iCGM in women with GDM, in a manner similar to DRIVE-GDM. This trial intends to 

recruit 100 women and is currently actively recruiting (118). It will be interesting to see the results of this 

study in time, and to compare with those of DRIVE-GDM. 

 

4.3.3. Limitations 

Whilst the sample size was sufficient in order to demonstrate the primary objective, the sample 

size was too small to detect any difference in maternal and foetal outcomes, given the rarity of adverse 

events. 
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A further potential limitation was the fact that the CGM data itself was not used to directly 

influence patient care, but rather the 6-per-day timepoint glucose readings were utilised with the 

outcome being how concordant participants were with this required target. This was in part due to the 

fact that interpretation and analysis of CGM data in its entirety requires specific skills and training, which 

was not available to all members of the team providing clinical care to the participants at the time of the 

study. Whilst demonstrating this primary outcome is important, there is considerable potential for further 

studies utilising more of the CGM data in real time in the study to impact upon glycaemic control. 

Further limitations are related to the iCGM technology itself, and are similar to those described 

in section 4.2.3 for the DRIVE-PEI study. The delay in interstitial glucose compared with capillary glucose 

is likely to have been less significant in the DRIVE-GDM study, since overall variability and glycaemic 

excursions tend to be reduced compared with patients with T1DM and T2DM, as evidence by AGP metrics 

demonstrating lower IQR and instability in GDM compared with those in the DRIVE-PEI study. However, 

it is known that the Freestyle Libre may be less accurate at extremes of glucose levels, and given that 

glucose levels in GDM are typically at the lower end compared with T1DM and T2DM, this may have had 

an impact on the glucose recordings in this study. 

An additional limitation was the lack of data collected on the socio-economic status of 

participants. In future studies it would be interesting to observe whether there may have been a 

difference in engagement in glucose monitoring and technology between women of different socio-

economic groups. 

 

 

4.4.  Suggested future studies 

Future studies of PEI in diabetes could be undertaken to narrow the participant type – so that 

patients with Type 1 and Type 2 diabetes are studied as separate groups, with larger sample sizes. 

Additionally, participants with T2DM could be grouped according to medication type so that any potential 

influence that medications may have, particularly those that work on the GLP-1 pathway, could be 

identified. Furthermore, an extended study duration could be utilised, along with a placebo-controlled 

arm for more robust analysis. 

The DRIVE-GDM study could be viewed as a pilot to inform future studies, with a larger sample 

size to further observe the impact of CGM upon adverse maternal and foetal outcomes. Additionally, the 

full CGM data could be utilised in real time by the clinical team to optimise therapy and management, 

above and beyond the standard recommended six tests per day, to see if this has a greater impact upon 

overall glycaemic control, as well as maternal and foetal outcomes. 
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4.5.  Summary 

CGM can be utilised for diagnostic purposes, without requiring a change in patient behaviour, as 

in DRIVE-PEI, and can provide a reliable insight into previously undetected glycaemic patterns above those 

of HbA1c and SMBG, virtually eliminating any errors of omission or collection bias. Whilst this study has 

not demonstrated a change following PERT administration, this in itself can be seen as a positive outcome 

as this shows that there is no detrimental or adverse impact upon glycaemic control and adds weight to 

the safety of PERT initiation in this scenario. 

CGM can also be utilised as a SMBG substitute, as studied in DRIVE-GDM, where it is shown to 

be an easy, patient friendly alternative. Furthermore, as CGM is utilised further in previously under-

studied or specific groups of patients with diabetes, the data can help towards the development of ideal 

glycaemic targets in order to help optimise glycaemic control and clinical outcomes in the future. 

The results demonstrate ease of use and transferrable application of CGM, with good patient 

satisfaction as well as displaying much how much greater depth and insight AGP metrics can provide, 

above those of SMBG and HbA1c. In summary, these two studies have demonstrated many of the benefits 

of CGM when applied to two very different groups of patients with diabetes under real-life conditions, 

supporting the hypothesis that CGM provides readily available and more detailed glucose metrics to 

examine glycaemic control and aid management compared with SMBG and HbA1c. 
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6. Appendix 

6.1.  DRIVE-PEI questionnaire 

 

PEI GI symptoms v1.0   

03/04/17 v1.0 PHT/2017/20, IRAS 214755 Page 1 

Academic Department of Diabetes and Endocrinology 

Queen Alexandra Hospital 

Portsmouth 

PO6 3LY Participant ID: _______ 

 Participant initials: _______ 

 

Participant Questionnaire – Study Visit___ 
Gastrointestinal symptoms and their effect on lifestyle 

 

Please answer these questions as honestly as you can. Your answers will be kept strictly confidential and will 

not be used for anything other than this research study. Please ask if you need any help answering the 

questions or would like to discuss the questions further. 

 

In the past month, have you had any of the following symptoms? 

 Every day More than 
once a week 

Less than 
once a week 

Never 

Bloating □ □ □ □ 

Abdominal pain or cramps □ □ □ □ 

Excessive flatulence or wind □ □ □ □ 

Diarrhoea or loose stool □ □ □ □ 

Greasy, pale or offensive stools □ □ □ □ 

 

The following questions all relate to this list of symptoms and your experience of them. 

 

In the past month, have you experienced any of these? 

 Every day More than 
once a week 

Less than 
once a week 

Never 

Having to rush to the bathroom 
to pass stool? □ □ □ □ 

Poor appetite due to your 
symptoms listed above □ □ □ □ 

Noticed a relationship between 
mealtimes and your symptoms □ □ □ □ 

Noticed problems with your 
diabetes or sugar levels due to 
your symptoms 

□ □ □ □ 
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PEI GI symptoms v1.0   

03/04/17 v1.0 PHT/2017/20, IRAS 214755 Page 1 

In the past month, how often have the symptoms listed above affected your life? 

 Every day More than 
once a week 

Less than 
once a week 

Never 

No effect □ □ □ □ 
You are aware of your 
symptoms but can continue as 
normal 

□ □ □ □ 
Your symptoms affect your 
ability to carry out certain 
activities 

□ □ □ □ 
Your symptoms stop you doing 
your daily activities □ □ □ □ 

 

 

In the past month, have your bowel movements occurred…? 

 Please tick one  

More often than you would like □ 
As often as you would like □ 
Less often than you would like □ 

 

 

In the past month, how often have you experienced this? 

 Every day More than 
once a week 

Less than 
once a week 

Never 

Not taken your medication (for 
diabetes or other conditions) 
because of your symptoms 

□ □ □ □ 
 

 
Thank you for taking the time to complete this questionnaire. If you would like to discuss any of your 
answers please speak to a member of the research team who will be happy to speak to you in private. 
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PEI GI symptoms questionnaire    

22/05/17 v2.0 PHT/2017/20, IRAS 214755 Page 1 

Thinking about an average week, how often would you eat each of these meals? 

(Please don’t include breakfast if all you eat is a single piece of fruit, or a cup of tea or coffee with only 
a splash of milk) 

 Every day Few times a 
week 

Once a week Less than 
once a week 

Never 

Breakfast □ □ □ □ □ 
Lunch □ □ □ □ □ 
Evening meal □ □ □ □ □ 

 

 

Again thinking about an average week, how often would you have a snack at any time of day? 

(Please count a drink as a snack if it contains dairy or fats, such as a smoothie with yoghurt or a latte, 
but please don’t count a single piece of fruit, or a cup of tea or coffee with only a splash of milk) 

 Every day Few times a 
week 

Once a week Less than 
once a week 

Never 

Snack(s) □ □ □ □ □ 
 

If you have indicated that you have a snack every day, please indicate how many snacks you 
might have in a typical day: 

Number of snacks per day  
 

 

 
Thank you for taking the time to complete this questionnaire. If you would like to discuss any of your 
answers please speak to a member of the research team who will be happy to speak to you in private. 

 

3 



 106 

6.2.  DRIVE-GDM questionnaire 

 
  

DRIVE-GDM questionnaire   

24/01/18 v1.0 PHT/2017/113, IRAS 234973 Page 1 

DRIVE-GDM Satisfaction Questionnaire 
 

Participant Initials: Study ID GDM________ Date: 

 

Please circle the response which best reflects how you have felt over the last 4 to 6 weeks, while 
you have been in either the CGM or the finger-prick group. Please answer every question. 

 Strongly 
disagree Disagree Neutral Agree Strongly 

agree 

1. It was convenient for me to test my 
sugar levels -2 -1 0 +1 +2 

2. I found it easy to do 6 tests a day, 
every day -2 -1 0 +1 +2 

3. Testing my sugar levels fitted into 
my lifestyle -2 -1 0 +1 +2 

4. I had confidence in the equipment I 
used to test my sugar levels -2 -1 0 +1 +2 

5. I found that testing my sugar levels 
helped me understand my gestational 
diabetes better 

-2 -1 0 +1 +2 

6. I would be happy to continue using 
this equipment to test my sugar levels 
if needed in the future 

-2 -1 0 +1 +2 

7. I felt embarrassed or reluctant to 
test my sugar levels when around 
other people 

-2 -1 0 +1 +2 

8. I found it painful or uncomfortable 
to test my sugar levels -2 -1 0 +1 +2 

9. If you experienced pain or 
discomfort with testing: I found that 
the discomfort stopped me from doing 
a test some or all of the time 

-2 -1 0 +1 +2 N/A 

 

Please describe how you felt about testing your sugar levels with your equipment: 
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6.3. Freestyle Libre sensor and reader instructions 

 
Figure 17 First page of Freestyle Libre Quick Start Guide – utilised for participant training for DRIVE-GDM visit 2 (112) 
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Figure 18 Second page of Freestyle Libre Quick Start Guide – utilised for participant training for DRIVE-GDM visit (112) 
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6.4. University of Portsmouth UPR16 Ethics Form 

 
  

UPR16 – April 2018                                                                      

 
FORM UPR16 
Research Ethics Review Checklist 
 

Please include this completed form as an appendix to your thesis (see the 
Research Degrees Operational Handbook for more information 
 

 

 

Postgraduate Research Student (PGRS) Information 
 

 

Student ID: 
 

840725 
 

PGRS Name: 
 

 

Katherine Alington 
 

Department: 
 

 

PBMS 
 

First Supervisor: 
 

Dr Mridula Chopra 
 

Start Date:  
(or progression date for Prof Doc students) 
 

 

October 2016 
 

Study Mode and Route: 
 

Part-time 
 

Full-time   

 

 
 

 

 

MPhil  
 

PhD 
 

 

 
 

 
 

 

MD 
 

Professional Doctorate 

 

 
 

 
 

 
 

Title of Thesis: 
 

 

Applications of Interstitial Glucose Monitoring of Diabetes in Clinical Practice 
 
 

 

Thesis Word Count:  
(excluding ancillary data) 
 

 

25470 
 

 
 

If you are unsure about any of the following, please contact the local representative on your Faculty Ethics Committee 
for advice.  Please note that it is your responsibility to follow the University’s Ethics Policy and any relevant University, 
academic or professional guidelines in the conduct of your study 

Although the Ethics Committee may have given your study a favourable opinion, the final responsibility for the ethical 
conduct of this work lies with the researcher(s). 
 

 
 

UKRIO Finished Research Checklist: 
(If you would like to know more about the checklist, please see your Faculty or Departmental Ethics Committee rep or see the online 
version of the full checklist at: http://www.ukrio.org/what-we-do/code-of-practice-for-research/) 
 
 

a) Have all of your research and findings been reported accurately, honestly and 
within a reasonable time frame? 

 

 

YES 
NO    

 

 
 

 
 

b) Have all contributions to knowledge been acknowledged? 
 

 

YES 
NO    

 

 
 

 
 

c) Have you complied with all agreements relating to intellectual property, publication 
and authorship? 

 

YES 
NO    

 

 
 

 
 

d) Has your research data been retained in a secure and accessible form and will it 
remain so for the required duration?  

 

YES 
NO    

 

 
 

 
 

e) Does your research comply with all legal, ethical, and contractual requirements? 
 

 

YES 
NO    

 

 
 

 

      
 

Candidate Statement: 
 
 

I have considered the ethical dimensions of the above named research project, and have successfully 
obtained the necessary ethical approval(s) 
 
 

Ethical review number(s) from Faculty Ethics Committee (or from 
NRES/SCREC): 
 

 

NHSREC/HRA: 
17/SC/0224 and 
18/SC/0089 

 

If you have not submitted your work for ethical review, and/or you have answered ‘No’ to one or more of 
questions a) to e), please explain below why this is so: 
 
 

N/A 
 
 

Signed (PGRS): 
 

 

 
 

 

Date: 27/10/2020 
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6.5.  DRIVE Studies Statistical Analysis Plan 

The statistical analysis plans for DRIVE-PEI and DRIVE-GDM can be viewed using the following 

link (analysis carried out in SPSSÒ): 

https://drive.google.com/file/d/1lQy7kDTCLmliKzBRKDgVbaVjC2TfTZeI/view?usp=sharing  
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6.6.  Supplementary DRIVE-PEI Results 

 

Table 11 Individual glucose variability measures (represented by IQR) for each participant in the DRIVE-PEI study 

Participant Pre-PERT IQR (mmol/l) Post-PERT IQR (mmol/l) 
Difference in pre- and 

post-PERT IQR (mmol/l) 

PEI001 6.7 7.0 0.3 

PEI002 6.0 5.2 -0.8 

PEI003 8.1 7.9 -0.2 

PEI004 6.6 5.4 -1.2 

PEI005 6.8 6.1 -0.7 

PEI006 7.3 9.7 2.4 

PEI007 4.4 4.1 -0.2 

PEI008 4.3 5.7 1.4 

PEI009 4.3 4.5 0.2 

PEI010 4.7 6.8 2.1 

PEI011 3.4 3.8 0.4 

PEI012 6.6 6.9 0.3 

PEI013 7.8 7.6 -0.2 

PEI014 8.0 4.9 -3.1 

PEI015 6.5 4.5 -2.0 

PEI016 14.0 8.1 -5.9 

PEI017 3.9 3.6 -0.3 

PEI018 5.2 5.4 0.2 

PEI019 12.3 9.8 -2.5 

 

Mean reduction in IQR (total 11 participants) 1.6mmol/l 

Mean Increase in IQR (total 8 participants) 0.9mmol/l 

 


