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List of Abbreviations 

ADA: American Diabetes Association 

ADAG study: A1c-Derived Average Glucose study 

Bergenstal-GMI: GMI calculated by the equation published by Bergenstal et al. in 2018 

CGM: continuous glucose monitoring 

CI: confidence interval 

CV: the coefficient of variation for glucose 

DCCT: Diabetes Control and Complications Trial 

DG7: Dexcom G7  

EDIC: Epidemiology of Diabetes Interventions and Complications 

eGFR: estimated glomerular filtration rate calculated by the CKD-EPI equation 

FL3: Freestyle Libre 3 

GEE: generalised estimating equation 

Guardian-3: Medtronic Guardian Sensor 3 

Guardian-4: Medtronic Guardian 4 Sensor 

Guardian-3 GMI: the device-specific GMI equation for Guardian Sensor 3 

Guardian-4 GMI: the device-specific GMI equation for Guardian 4 Sensor 

GLUT1: glucose transporter 1 

GMI: glucose management indicator 

GOx: glucose oxidase 

HbA1c: glycated haemoglobin A1c 

HbC: haemoglobin C variant 
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HbS: haemoglobin S, sickle haemoglobin variant 

HbSC: haemoglobin S-C variant 

HPLC: high-performance liquid chromatography 

IDGC-MS method: standard isotope dilution gas chromatography–mass spectrometry 

method 

IFCC: International Federation of Clinical Chemistry and Laboratory Medicine 

isCGM: intermittently-scanned continuous glucose monitoring 

MARD: mean absolute relative difference 

MSP: Medtronic Simplera 

rtCGM: real-time continuous glucose monitoring 

SD: standard deviation 

SMBG: self-monitoring of blood glucose 

TAR: time above range, i.e., the percentage of time spent in the glucose range of above 

10 mmol/L 

TBR: time below range, i.e., the percentage of time spent in the glucose range of below 

3.9 mmol/L 

TIR: time in range, i.e., the percentage of time spent in the glucose range of 3.9-10 

mmol/L 

TITR: time in tight range, i.e., the percentage of time spent in the glucose range of 3.9-

7.8 mmol/L 

TSH: thyroid-stimulating hormone 

T1D: type 1 diabetes melliuts 

T2D: type 2 diabetes mellitus 

UKPDS: United Kingdom Prospective Diabetes Study 

 

Units of measurement 

To convert HbA1c[%] and GMI[%] (as absolute values) to mmol/mol, the conversion 

formula is: HbA1c(mmol/mol)=(HbA1c[%]−2.15)x10.929, and 

GMI(mmol/mol)=(GMI[%]−2.15)x10.929. 

To convert glucose concentration to mg/dl, multiply values in mmol/l by 18.015. 
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1. Introduction 

1.1. Scope of the problem 

Type 1 diabetes is a chronic disease caused by the autoimmune destruction of pancreatic 

beta cells, resulting in relative and, ultimately, absolute insulin deficiency. If untreated, 

type 1 diabetes is a fatal illness, while with proper treatment, people with type 1 

diabetes can live a full life, with a life expectancy approaching or even reaching that of 

the non-diabetic population. Even today, however, achieving near-normoglycaemia in 

type 1 diabetes is difficult, as observational data show. In the United States, between 

2016 and 2018, just over 21% of adults with type 1 diabetes were able to achieve the 

HbA1c target of below 7% (1). The situation has improved since then, as rapidly 

evolving technologies enable more patients to achieve glycaemic targets. For example, 

real-world data with an advanced hybrid closed-loop system, Minimed 780G, showed 

that 79% of type 1 diabetes patients using this system achieved an estimated HbA1c 

(GMI) target of below 7% (2). However, not everyone can afford or find these 

technologies suitable, and these systems still have their limitations. Thus, despite clear 

improvements, more recent data showed that by 2021-2022, only 26% of type 1 

diabetes patients in the United States had achieved an HbA1c target of below 7% (3).  

In a joint paper published by the IDF Atlas and the T1D Index team, it was estimated 

that in 2025, 9.5 million people worldwide were living with type 1 diabetes, including 

1.85 million children, adolescents and young adults under the age of 20 (4). The authors 

estimated that there would be an additional 4.1 million people living with type 1 

diabetes if their life expectancy were equal to that of the general population (the so-

called „missing prevalence”). There is a lack of high-quality data on the prevalence of 

type 1 diabetes in Hungary. The paper mentioned above estimates that approximately 

31,000 people (including 4600 under the age of 20) are currently living with type 1 

diabetes in Hungary (4), although the real number may be somewhat higher. 

Importantly, both the incidence and the prevalence of type 1 diabetes are rising 

worldwide, the reasons for which are multifactorial (4, 5).  

Chronic hyperglycaemia is the most important risk factor for the development of 

chronic diabetic complications.  Hyperglycemia adversely affects various metabolic 

pathways, such as the polyol pathway, the hexosamine biosynthetic pathway, and 
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glucose autoxidation, and is responsible for increased synthesis of advanced glycation 

end-products. Additionally, it leads to hexokinase-2-driven glycolytic overload and 

increased activities of the cyclooxygenase, lipoxygenase, and pyruvate kinase enzymes 

(6). Through these mechanisms, chronic hyperglycaemia can lead to the development of 

chronic macrovascular (atherosclerotic cardiovascular diseases) and microvascular 

(retinopathy, diabetic kidney disease, neuropathy) complications.  

The landmark Diabetes Control and Complications Trial (DCCT) and its longitudinal 

observational follow-up study, the Epidemiology of Diabetes Interventions and 

Complications (EDIC) study, demonstrated that targeting near-normoglycemia with 

intensive insulin therapy reduced the risk of developing (or progression of) chronic 

micro- and macrovascular complications, as compared to the so-called conventional 

therapy that aimed to avoid symptomatic hyperglycaemia and ketonuria only (7, 8). In 

the original DCCT, at a mean follow-up of 6.5 years, intensive insulin therapy reduced 

the risk of developing retinopathy by 76%, and in the secondary prevention cohort, it 

slowed the progression of retinopathy by 54% (7). 

Based on 20-25 years of follow-up data from the DCCT-EDIC, roughly every 10% 

increase in the weighted average of a patient's HbA1c values (e.g. from 7% to 7.7% or 

from 8% to 8.8%) increased the risk of developing proliferative diabetic retinopathy or 

clinically significant progression of retinopathy by approximately 1.6 times (9). In the 

Pittsburgh Epidemiology of Diabetes Complications Study, each 1% increase in HbA1c 

(e.g. from 7% to 8% or from 8% to 9%) was associated with a 13–26% higher relative 

risk of cardiovascular disease in people with type 1 diabetes (10). 

The DCCT-EDIC, as well as other large observational studies with several years of 

follow-up (11, 12), demonstrated not just the deleterious effect of chronic 

hyperglycaemia but also the strong predictive value of HbA1c for the development of 

chronic diabetic complications. 

1.2. HbA1c: the gold standard glycaemic metric 

HbA1c is a subfraction of glycated haemoglobin, which forms through a non-enzymatic 

glycation process where glucose creates a ketoamine on the N-terminus of the 

haemoglobin beta chain. This reaction is highly dependent on extracellular glucose 

concentrations. Consequently, HbA1c reflects the weighted average of plasma glucose 
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levels over the mean lifespan of an individual’s erythrocytes, generally 120 days (13, 

14). A small study in type 2 diabetes patients showed that the mean plasma glucose 

concentration of the preceding month accounted for 50% of the HbA1c level. In 

comparison, the second month accounted for 25%, and the third and fourth months 

together accounted for another 25% of the HbA1c level (15). This weighted 

characteristic explains why HbA1c is traditionally considered to reflect the average 

plasma glucose level over the previous 2-3 months (15).  

While the first study reporting elevated levels of glycated haemoglobin A1c in people 

with diabetes was published in 1969 (16), it were the landmark DCCT and UKPDS 

studies in type 1 and type 2 diabetes, recpectively (7, 17), published in 1993 and 1998, 

that utilised HbA1c as the gold standard marker of chronic hyperglycaemia and as the 

strongest known predictive marker for developing chronic diabetic complications.  

The median HbA1c reached in the intensive-therapy group of the DCCT was 7% (53 

mmol/mol), a value that has become the cornerstone of therapeutic goals for type 1 

diabetes over the next 30 years. Even in 2025, major international diabetes organisations 

recommend a HbA1c goal of less than 7% for most nonpregnant adults, children and 

adolescents with type 1 diabetes, with a tighter goal of less than 6.5% if it can be safely 

achieved with a low level of hypoglycaemia and less tight control for elderly or frail 

individuals or people with a high risk of hypoglycaemic events (18-20). 

The emergence of continuous glucose monitoring (CGM) has transformed the way we 

approach glycaemic control. However, none of the CGM metrics have been investigated 

in large, prospective clinical trials regarding their predictive value for chronic diabetes 

complications (21). Thus, even when determining targets for modern CGM metrics, 

expert committees had to rely indirectly on HbA1c. For example, the recommendation 

that the percentage of time spent in the glucose range of 3.9-10 mmol/L (TIR) should be 

more than 70% is based on a study in which, on average, a TIR of 70% corresponded 

with an HbA1c of 7% (22).  
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1.3. The benefits and caveats of reporting HbA1c 

1.3.1. HbA1c: strengths and benefits 

As discussed earlier, HbA1c is strongly associated with mean plasma glucose over the 

preceding 2-3 months (18) and has a strong predictive value for the development of 

chronic diabetic complications, validated in large prospective studies and long-term 

observational studies (7-9, 11, 12, 17, 23). However, HbA1c has other benefits that 

should be emphasised. 

Besides its favourable cost and accessibility, HbA1c measurement is a well-standardised 

test in laboratories that follow the reference method developed by the International 

Federation of Clinical Chemistry and Laboratory Medicine (IFCC) (24). 

Furthermore, several small studies suggest that HbA1c may have an additional value in 

predicting chronic diabetic complications compared to mean plasma glucose alone (25-

28). HbA1c is an intracellular, stable, early-stage glycation product of haemoglobin 

(29), and besides mean plasma glucose, several factors affect its formation. These 

include transmembrane glucose gradient (e.g., glucose transport by GLUT1 and/or 

glycolytic enzyme activity) (30, 31), intracellular pH and intracellular environment (30), 

antioxidant capacity (27), deglycation of haemoglobin, and kinetic differences in 

HbA1c glycation (32). For example, a study by Dunmore et al. demonstrated that 

variations in the level of the deglycating enzyme fructosamine-3-kinase can 

significantly alter the level of HbA1c at a given mean plasma glucose level (33). Many 

of these factors may also affect the glycation of target tissues, such as retinal, renal, and 

vascular cells. It is well known that some people have higher HbA1c values than would 

be expected based on their mean glucose levels (25-27, 30-35). In the literature, these 

patients are referred to as high glycators, or those with a high glycation index or a high 

glycemic gap. Several observational studies have shown that having a high-glycation 

phenotype may be associated with an increased risk of micro- and macrovascular 

complications (25-28). Although these studies are small and have numerous limitations, 

they may reflect the fact that increased glycation occurs not only in erythrocytes but 

also in other target organs in these individuals. Reporting mean glucose levels alone 

could miss this unique property of HbA1c. 
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1.3.2. HbA1c: limitations and caveats 

1.3.2.1. Factors affecting HbA1c besides mean glucose 

Several pathological states are known to affect HbA1c, irrespective of the mean glucose 

level. These include moderate and severe chronic kidney disease, anaemias and 

haemoglobinopathias, thyroid diseases, chronic liver disease, acute blood loss, recent 

blood transfusions, intravenous iron supplementation, and corticosteroid treatment (36). 

Any state that affects erythrocyte turnover will alter the age distribution of red blood 

cells and subsequently affect HbA1c levels (36).  

However, physiological states and patient characteristics can also independently affect 

HbA1c. HbA1c levels drop during pregnancy because of increased erythrocyte turnover 

(37). Race and ethnicity can also significantly affect HbA1c values. HbA1c tends to be 

0.3–0.4 percentage points higher among Black patients relative to White patients for a 

given mean glucose (38, 39). In one study, Kartel et al. reported that the glycation 

properties of Asians, Latinos, and multi-ethnic patients were not significantly different 

from those of White patients, and the slope of the association between mean glucose 

and HbA1c did not differ significantly across racial/ethnic groups (38). Although the 

jury is still out there, whether race- and ethnicity-specific differences should impact 

clinical decision-making (38), the American Diabetes Association (ADA) currently 

recommends against race- and ethnicity-specific assessment of HbA1c in daily clinical 

practice (18). In its scientific statement, ADA notes that the variability in the HbA1c - 

mean glucose relationship within races is greater than between races (18, 19, 39). 

Altered erythrocyte lifespan is a well-known confounder of HbA1c interpretation in 

several pathological conditions (36). However, one study has shown that even otherwise 

healthy individuals can have widely different erythrocyte lifespans, sufficient to alter 

the HbA1c–mean glucose relationship to a clinically significant extent (40). Using a 

method of biotin-labelled red blood cells in 6-6 individuals with and without diabetes, 

free from any condition known to alter erythrocyte lifespan, the authors reported that the 

mean age of circulating erythrocytes was 38 to 59 days. It corresponded to a mean 

erythrocyte lifespan of 90 to 125 days. According to their model, if a patient with 

„average” erythrocyte lifespan (i.e., with a mean age of circulating erythrocytes of 47.9 

days) has a HbA1c of 8.6%, that would correspond to a HbA1c of 7.5% if the same 
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patient would be at the lower end of the spectrum (with a mean age of circulating 

erythrocytes of 38 days), and to a HbA1c of 9.9% if the patient would be at the higher 

end of the spectrum (with a mean age of circulating erythrocytes of 59 days). While 

there are several limitations to this study, including the small sample size, the 

magnitudes of these differences are comparable to those observed in daily clinical 

practice between the measured and the estimated HbA1c (41-43). Adjusting HbA1c for 

the mean age (or lifespan) of the patient’s erythrocytes would be extremely beneficial. 

However, measuring the mean age or lifespan of erythrocytes is complicated and time-

consuming, and is currently not an option in daily clinical practice (44). 

Haemoglobin variants can interfere with HbA1c determination to a degree that depends 

on the method used. Haemoglobin A1c determination may lead to highly distorted 

results in all patients who are homozygous for HbS or HbC, have HbSC disease, or have 

any condition that significantly affects erythrocyte survival. Heterozygous mutations 

may remain unnoticed; however, if their presence is known, clinicians should inquire 

about the limitations of the specific method used for HbA1c determination. (18, 45) 

1.3.3.2. The „blind spots” of HbA1c: hypoglycaemia and glucose variability 

HbA1c has other important limitations as a marker of glycaemic control. It doesn’t 

reflect hypoglycaemia burden, a critical aspect of diabetes management. 

Hypoglycaemia, as well as fear of hypoglycaemia, can impair quality of life and 

increase diabetes-related psychological stress in type 1 diabetes. Hypoglycaemia can 

lead to serious (sometimes fatal) consequences like transient impairment of cognition, 

seizures, falls, accidents, arrhythmias and even atherosclerotic plaque ruptures. 

Hypoglycaemia can be a major obstacle to achieving adequate glycaemic control. (46) 

HbA1c also does not inform about glycemic variability, a phenomenon that is 

increasingly acknowledged as a significant risk factor for both acute and chronic 

diabetic complications (47-49). 

1.4. Glycated serum proteins as glycaemic markers 

Given the limitations of HbA1c, particularly how it’s influenced by red blood cell 

turnover and hematologic disorders, there has been interest in other glycated molecules 

as glycemic markers. Fructosamine measures all glycated proteins in the serum, of 
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which glycated albumin constitutes the largest part. Nonimmunoglobulin serum proteins 

have a half-life of approximately 14-21 days; thus, fructosamine and glycated albumin 

reflect glycaemic control over a significantly shorter period than does HbA1c. Another 

important difference is that HbA1c is a marker of intracellular glycation, while glycated 

serum proteins reflects the rate of extracellular glycation. While glycated serum proteins 

are free from many confounders affecting HbA1c interpretation, they have their own 

shortcomings. Apart from mean plasma glucose, many factor affects their levels. 

Perhaps most importantly, there are no large prospective studies linking glycated serum 

proteins to chronic diabetic complications. Thus, measurement of fructosamine and/or 

glycated albumin can be helpful in some cases, e.g., when HbA1c is clearly unreliable, 

or we want to assess glycaemic control over a short, recent period of time. However, 

glycated serum proteins are not a reasonable alternative to HbA1c for most patients. 

(18, 50) 

1.5. Assessing glycaemic control by self-monitoring of blood glucose (SMBG) 

The emergence of SMBG in the late 1970s and early 80s, with the implementation of 

HbA1c and intensive insulin therapy, revolutionised the clinical care of type 1 diabetes 

patients (51). While HbA1c strongly correlates with mean plasma glucose over the 

preceding 2-3 months, self-monitoring of blood glucose allows for the detection of daily 

fluctuations, hypoglycemic and hyperglycemic events, and consequently, better 

adjustment of insulin dosages. Register data shows lower HbA1c with increasing 

numbers of daily fingerprick blood glucose measurements (52). Although the optimal 

number of daily measurements likely varies from person to person, guidelines indicate 

that many type 1 diabetes patients require 6-10 fingerprick blood glucose measurements 

daily for optimal glycemic control, unless continuous glucose monitoring is used (20, 

53). However, even with frequent blood glucose measurements using SMBG, many 

fluctuations remain unnoticed (both nocturnal and daytime), and numerous 

hypoglycemic events occur, even in patients known to have preserved hypoglycaemia 

awareness (54). Additionally, performing frequent blood glucose measurements can be a 

significant burden on patients, and many patients who use SMBG perform only a very 

limited number of fingerprick measurements. These limitations of SMBG were the 

driving force behind the development of continuous glucose monitoring (CGM). 
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1.6. Continuous glucose monitoring 

CGM devices measure glucose concentrations subcutaneously in the interstitial fluid 

every 1-15 minutes (1-5 minutes in the case of most modern devices), and either 

continuously transmit these values to a smartphone, smartwatch or an insulin pump 

(real-time CGM, rtCGM) or require intermittent scanning with a reader or smart device 

(intermittently scanned CGM, isCGM). Interstitial glucose concentrations correlate 

strongly with blood glucose concentrations. (19)  

Continuous glucose monitoring has revolutionised diabetes management and is 

recommended as the standard, primary glucose measurement method for most children, 

adolescents, and adults with type 1 diabetes (19, 55). It can be used along with multiple 

daily insulin injections or can be integrated with an insulin pump or a so-called „smart 

pen” (56). Some CGM devices require regular calibrations with fingerprick blood 

glucose measurement, while others are factory-calibrated. 

1.6.1. The benefits of CGM in improving glycaemic control 

Several randomised clinical trials (57-60), meta-analyses (61, 62), as well as 

observational data (63, 64), indicate that continuous glucose monitoring improves 

glycaemic control, reduces HbA1c in adults and may reduce it in children and 

adolescents (55, 65). It reduces hypoglycaemia burden in all age groups, and, generally, 

it improves diabetes-related quality of life (55, 57-65). The greatest benefit is seen when 

continuous glucose monitoring is integrated into an automatic insulin delivery system 

(66). 

1.6.2. The benefits of CGM in assessing glycaemic control 

1.6.2.1. CGM-derived glycaemic metrics 

The benefits of continuous glucose monitoring are not limited to achieving better 

glycaemic control and less hypoglycemia; it also enables a more detailed assessment of 

glycaemia than HbA1c or SMBG alone. CGM metrics that should be part of every 

CGM report were standardised in a consensus document in 2019 (67). These include 

mean glucose concentration, percentage of time spent in different glucose ranges (time 

in range [TIR]: 3.9-10 mmol/L, time below range [TBR]: <3.9 mmol/L, time above 
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range [TAR]: > 10 mmol/L), coefficient of variation (CV) of glucose values, and sensor 

usage as a percentage of time. However, while all these metrics are useful in many 

ways, direct evidence linking them to long-term diabetic complications is still lacking 

(21). Thus, from the very beginning, there was an apparent demand from patients, 

caregivers, healthcare professionals, and researchers to link continuous monitoring data 

to HbA1c, a familiar parameter with a strong predictive value for chronic diabetic 

complications (42). Estimating HbA1c from CGM data is calculated from the CGM-

derived mean glucose value, as it has the strongest correlation with HbA1c among all 

CGM metrics (68). 

1.6.2.2. Estimating HbA1c from CGM data 

The way we estimate HbA1c from CGM-derived mean glucose has changed over the 

years. Although there were some data linking average blood glucose levels to HbA1c 

based on the DCCT (69), more solid evidence came from the A1c-Derived Average 

Glucose (ADAG) Study (70). This international study with 507 nondiabetic/T1D/T2D 

participants revealed a strong linear correlation between HbA1c and mean glucose 

(CGM and/or blood glucose derived) over a 3-month period, and an equation was 

derived that enabled the estimation of one from the other (70). In 2017, a new equation 

was proposed, derived from a larger dataset and utilising newer CGM technology (71). 

Based on this dataset, as well as additional data from another multicentre, randomised 

clinical trial (72), Bergenstal et al. published a revised equation in 2018 that estimates 

HbA1c from CGM-derived mean glucose (42). With all published equations, however, 

including this latest one, significant differences remained between the estimated HbA1c 

and the laboratory-measured HbA1c in many individuals (42, 70, 71). Thus, to help 

patients, caregivers, healthcare professionals and researchers avoid confusion, 

Bergenstal et al. proposed a new term for the estimated HbA1c value obtained through 

their equation. Rather than calling it estimated HbA1c, they proposed the term „glucose 

management indicator” (GMI) (42). The glucose management indicator became part of 

the 10 standardised CGM metrics that should be reported in every CGM report, 

according to a landmark consensus document published in 2019 (67).  

The currently used GMI equation, developed by Bergenstal et al., is based on data from 

four clinical trials involving a total of 528 patients (T1D: n=456 [86%], T2D: n=72 
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[14%]) aged ≥ 18 years (42, 57, 71-74). Importantly, all patients used Dexcom G4 and 

G5 CGM systems. Their characteristics are only partially available. In a subgroup of 

387 patients, the age range (20-78 years) and the proportion of White patients (83%) 

were reported (71). Known confounding factors regarding HbA1c interpretation, such as 

anaemias, haemoglobinopathies, and chronic renal disease, were considered as 

exclusion criteria in some, but not all, substudies.  

The so-called GMI equation to estimate HbA1c from CGM-derived mean glucose has 

been reported by Bergenstal et.al. as follows: 

GMI (%)=3.31+0.43×mean glucose (mmol/l) 

GMI (%)=3.31+0.0239×mean glucose (mg/dl). (42) 

1.7. The glycaemic gap 

GMI and laboratory-measured HbA1c strongly correlate with each other. While 

Bergenstal’s original paper didn’t report Pearson’s r, other studies reported a Pearson’s r 

of 0.82-0.86 (75, 76).  

However, the two parameters significantly differ in many individuals (21). Even in 

Bergenstal’s original paper, 28% of the study population had a clinically significant 

difference of ≥ 0.5% between the GMI and the laboratory-measured HbA1c (42). 

Significant individual differences were also observed when HbA1c was estimated using 

other equations (70, 71). 

The difference between the laboratory-measured HbA1c and the GMI is called the 

glycaemic gap (glycation gap). Historically, the glycaemic gap also refers to the 

difference between the laboratory-measured HbA1c and glycaemia assessed through 

serum fructosamine measurement (also a marker of extracellular glucose 

concentrations). Although many transient factors may cause discordance between the 

HbA1c and the GMI/fructosamine, several studies indicate that the glycation gap is 

often consistent within an individual (77, 78). A twin study also reported a remarkable 

hereditary component of the HbA1c – fructosamine gap that may be connected to genes 

affecting glycation and deglycation processes and/or erythrocyte lifespan (79). 
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1.7.1.  Reasons for the glycaemic gap (HbA1c-GMI gap) 

Individual differences between the laboratory-measured HbA1c and the GMI can 

originate from three primary sources: 

1. Factors that affect HbA1c (independently from mean plasma glucose) 

2. Factors that affect interstitial glucose measurement (independently from plasma 

glucose) 

3. Factors that affect and limit the applicability of the original GMI equation 

1.7.1.1. Factors that affect HbA1 (independently of mean plasma glucose) 

These factors have been discussed earlier. Physiological states (e.g., pregnancy) (37), 

patient characteristics (e.g., race and ethnicity) (38, 39), individual differences in mean 

erythrocyte age (erythrocyte lifespan) (40), as well as glycation- and deglycation 

processes (32, 33), and numerous pathological conditions (36) can affect HbA1c apart 

from mean plasma glucose concentration. Furthermore, HbA1c indicates the weighted 

average of mean plasma glucose during the preceding 2-3 months, with a larger effect 

from the preceding month (12). Thus, significant changes in glycaemia during a 

relatively brief, recent period have a greater impact on HbA1c than on GMI. 

1.7.1.2. Factors that affect interstitial glucose measurement (independently of 

plasma glucose) 

Although the interstitial glucose concentrations measured by CGMs correlate strongly 

with blood glucose levels, some limitations should be noted. Most modern CGM 

devices measure glucose concentrations using glucose oxidase (GOx) enzyme 

technology (80). Although it is a highly accurate method, it has certain limitations 

relative to the gold standard isotope dilution gas chromatography–mass spectrometry 

(IDGC-MS) method (81), or even to the hexokinase method, which is often considered 

the gold standard in clinical practice (82). GOx sensors utilise an enzymatic 

electrochemical reaction in which the oxidation of glucose produces hydrogen peroxide. 

This generates an electrical current that is directly proportional to the interstitial glucose 

concentration. A crucial step in every CGM device development, as well as the factory 

calibration process and/or fingerstick calibration, is to ensure that the electrical signal 

generated by the enzymatic reaction is accurately converted into a glucose value. Many 
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factors can affect this process, of which the collection of comparator data seems to be a 

critical one. The heterogeneous procedures used in CGM development may have a 

significant impact on why different types of CGM devices can display varying glucose 

values and CGM metrics, even when worn simultaneously by the same individual. (83) 

Fingerprick calibration is not required for most new-generation, factory-calibrated CGM 

devices; however, it remains optional or even mandatory for some devices, potentially 

impacting their accuracy.  

Other sources of possible errors include, among others, inherent instability and 

degradation of the GOx enzyme (84), as well as interferences with some chemical 

substances like paracetamol, hydroxyurea, and high-dose vitamin C (80).   

Another source of error is that CGMs measure the interstitial glucose concentration in 

the subcutaneous tissue. Interstitial glucose concentration follows plasma glucose 

concentration, with an average lag time of 5-15 minutes (19). Although it can be 

confusing for patients, it typically doesn’t impact long-term glycemic metrics, such as 

GMI. However, when a CGM device is inserted into the subcutaneous tissue, it causes 

mechanical injury followed by a healing process, and also provokes an immune 

response through foreign-body reaction (85). These immunological reactions can affect 

the accuracy of the CGM device, for example, by forming a so-called cell-based 

metabolic barrier around the sensor. Thereby, sensors are often somewhat inaccurate in 

the first days and last days of their wearing time, but sometimes can be affected 

throughout their lifespan. Furthermore, even subtle bleeding at the insertion site can 

affect sensor accuracy. (85) 

CGM devices can show falsely low glucose values under mechanical stress (80). This 

well-known phenomenon is called biomechanical hypoglycaemia or „compression 

low”, and, if it happens often, can cause discrepancies between HbA1c and CGM-

derived mean glucose values, thereby affecting GMI. Most CGM devices have a 

mandatory alarm reaction if the interstitial glucose level is below 3 mmol/L, so long-

lasting hypoglycemia (false or true) is infrequent with modern sensors (not every patient 

notices alarms, however, especially during the night). 
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Given the several difficulties associated with measuring interstitial glucose 

concentrations, there is an unmet need for better standardization of CGM devices (21, 

86-88). Today, approval of CGM devices is mostly based on their mean absolute 

relative differences (MARDs) and error grid analyses against laboratory blood glucose 

measurements (89). This process, however, is a limited assessment of sensor accuracy 

and allows for certain biases. For example, it allows larger errors in the lower and 

higher ends of the glucose range (90). 

1.7.1.3. Factors that affect the applicability of the original GMI equation 

The original GMI equation was formulated based on data from Dexcom G4 and G5 

CGM systems. Even Bergenstal et al. noted in their original paper that it may not apply 

equally well for other types of CGM systems (42). Another source of bias can be the 

application of the original GMI equation to a population that is markedly different from 

that of the derivative studies (57, 72-74). 
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2. Objectives 

Based on the above and our daily experiences with Medtronic Guardian Sensor 3 

(Guardian-3) and Medtronic Guardian 4 Sensor (Guardian-4) CGM systems, we 

hypothesised that the currently used GMI equation (Bergenstal-GMI) could be 

suboptimal for other than the Dexcom G4 and Dexcom G5 sensors, and that device-

specific GMI equations could lead to better HbA1c estimation. Thus, in an adult 

population with type 1 diabetes free of known pathophysiological factors affecting 

HbA1c measurement, we aimed to  

1., develop sensor-specific GMI equations for the Guardian-3 and Guardian-4 sensors 

(Guardian-3 GMI, Guardian-4 GMI);  

2., compare overall performance of the Bergenstal-GMI and the sensor-specific GMI 

equations; as well as  

3., investigate the association (using a modified Bland-Altman analysis (91, 92)) 

between the magnitude of the so-called glycaemic gap (the difference between HbA1c 

and GMIs with each equation) and HbA1c. (93) 

We conducted two studies using the same methodology, given that our first study 

(Study-1) was underpowered to develop an accurate and precise sensor-specific GMI 

equation for the Guardian-4 sensor (93). Thus, the second study (Study-2) was 

essentially an extension of the first study, with a sufficiently large sample size for the 

Guardian-4 sensors. The results of Study-2 have not yet been published (94). 
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3. Methods (same for Study-1 and Study-2) 

3.1. Study design 

We conducted two single-centre, observational cohort studies of adult type 1 diabetes 

patients receiving care at our tertiary diabetes centre at the Department of Internal 

Medicine and Oncology, Semmelweis University, Budapest, Hungary in JAN/01/2021-

JUN/17/2024 (first study, Study-1) and JAN/01/2021-DEC/09/2025 (second study, 

Study-2). 

At the baseline visit, demographics, anamnestic data, current medications, laboratory 

data, and CGM metrics for the last 60 to 90 days were collected from electronic health 

records. To improve modelling, we included (if available) an additional visit with a 

second HbA1c and preceding CGM metrics ≥ 90 days after baseline. Using the CGM-

derived mean glucose, we estimated the measured HbA1c values. (93) 

The retrospective studies were approved by the Semmelweis University Regional and 

Institutional Committee of Science and Research Ethics (SE RKEB number: 273/2023 

[Study-1] and 163/2025 [Study-2]). 

3.2. Participants 

Type 1 diabetes patients aged 18–75 years were eligible for inclusion in the current 

studies if they had an HbA1c measurement from the Central Laboratory of Semmelweis 

University, a complete blood count, and a serum creatinine assessment during the 

baseline visit, and were regular users (≥ 70 % use during the preceding 60 days) of 

either Guardian-3 or Guardian-4 CGM devices in Study-1 and Guardian-4 CGM 

devices in Study-2. Exclusion criteria were any co-morbidities or conditions known to 

affect HbA1c or any significant therapeutic change (including CGM or insulin pump 

initiation) within six months preceding baseline (Table 1). (93) 
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Table 1 – Eligibility and exclusion criteria (93) 

1. Eligibility criteria 

 Type 1 diabetes  

 Age 18 years or older at baseline 

 At least 70% use of a Medtronic Guardian Sensor 3 or Medtronic Guardian 4 Sensor 

continuous glucose monitoring (CGM) device during the 60-day period corresponding 

to the HbA1c measurement 

 At least 6-month experience with continuous glucose monitoring at baseline 

 HbA1c determined at the Department of Laboratory Medicine, Semmelweis University 

with high-performance liquid chromatography (HPLC) method 

 Complete blood count and serum creatinine determination at baseline. (If a patient had a 

second HbA1c – glucose management indicator [GMI] cycle analysed, blood count and 

serum creatinine were accepted within 1 year.) 

2. Exclusion criteria 

 Anaemia (haemoglobin level below the normal range) 

 Micro- or macrocytosis (mean cellular volume [MCV] below or above the normal 

range) 

 Any known haematologic disorder (e.g. thalassaemia) 

 Significant therapeutic change (including CGM or pump initiation) in the last six 

months before baseline 

 Pregnancy or delivery in the last six months before baseline 

 Ovulation induction treatment or assisted reproduction in the last six months before 

baseline 

 Any major surgery or significant acute illness in the last 3 months before baseline 

 Estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m
2
 calculated by the 

CKD-EPI equation 

 Liver cirrhosis  

 At least 3 fold elevation of alanine aminotransferase (ALT) or aspartate 

aminotransferase (AST) above the upper limit of normal 

 Uncontrolled thyroid disease (thyroid-stimulating hormone [TSH] outside the normal 

range) 

 Unknown thyroid function status, defined as no TSH determination on the day of 

HbA1c determination if the patient has known thyroid disease or lacking TSH 

determination within one year if the patient has no known thyroid disease 

 Venous iron supplementation or haemotransfusion within 6 months before baseline 

 Ongoing treatment with hydroxyurea within 6 months before baseline 

 Ongoing treatment with systemic corticosteroids within 6 months before baseline 

3. Remarks 

 Latent iron deficiency was not considered as an exclusion criterion as long as the patient 

had normal haemoglobin and MCV values 

 Prophylactic or maintenance oral iron supplementation was not considered an exclusion 

criterion if the patient had normal haemoglobin and MCV values 

 Mild to moderate haemoconcentration is common when patients present for a blood 

test. Therefore, moderately elevated red blood cell count or haematocrit (within 10% of 

the upper limit of normal) was not considered as an exclusion criterion 

 None of our patients were known to be regularly taking paracetamol or high doses of 

vitamin C (more than 500 mg per day). However, these products are available over the 

counter in Hungary. 
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 Patients were eligible for the use of a second GMI-HbA1c pair if they satisfied all 

inclusion and no exclusion criteria at a second timepoint. However, we accepted 

complete blood count, serum creatinine test, and TSH results within a year before the 

second timepoint 

 

3.3. Measurements 

Using patients’ electronic medical records, the following data were obtained: 

demographics (age, sex, type and duration of diabetes); data on diabetes treatment for 

the last 6 months (type of insulin preparations, treatment regimen: multiple daily insulin 

injections or hybrid closed-loop insulin pump – MiniMed 780G), co-morbidities and 

complications (diabetic retinopathy, albuminuria, coeliac disease, thyroid disease, and 

hypertension), oral contraceptive, iron, and folic acid supplementation use. 

The following laboratory tests were obtained: HbA1c, complete blood cell count, serum 

creatinine, estimated glomerular filtration rate calculated by the CKD-EPI equation 

(eGFR), and thyroid function test (TSH). Except for HbA1c, all measures could have 

been done in local laboratories. HbA1c was measured in the Central Laboratory of 

Semmelweis University using high-performance liquid chromatography (HPLC) on a 

Tosoh Automated Glycohemoglobin Analyzer HLC-723G11 device (Tosoh Europe N.V. 

Tessenderlo, Belgium). The central laboratory follows ISO 9001 standards for quality 

management. 

All patients at our diabetes centre receive a baseline and continuous in-person education 

on the use of CGM devices and accompanying software. For the current studies, users 

of Guardian-3 and Guardian-4 CGM systems were included. Guardian-3 is an adjuvant 

CGM system that requires at least two fingerstick calibrations per day, providing a mean 

absolute relative difference (MARD) of 8.7-10.6% in adults, depending on the insertion 

site and the number of calibrations performed (95). Guardian-4 is a factory-calibrated 

CGM system that does not require fingerstick calibration, but optional calibration is 

possible. When used without calibration but otherwise appropriately, MARD in adults is 

10.6% (90). The following standard CGM metrics were collected from Medtronic 

CareLink™ system software for 60 to 90 days preceding the HbA1c test: GMI 

(Bergenstal-GMI), mean glucose, coefficient of variation (CV), time in range (TIR; % 

of time with glucose 3.9–10.0 mmol/l), time below range (TBR; % of time with glucose 
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< 3.9 mmol/l), time above range (TAR; % of time with glucose > 10 mmol/l), sensor 

usage (%). 

For further analysis, we selected the 60-day GMI based on a preliminary correlation 

analysis of 14-, 30-, 60-, and 90-day Bergenstal-GMI and HbA1c for the baseline visit 

in Study-1, as this value showed the strongest correlation with HbA1c (Table 2). (93) 

This 60-day interval may reflect the fact that HbA1c reflects the weighted average of 

plasma glucose levels over the mean lifespan of an individual’s erythrocytes (~120 

days), where glycaemia during the preceding 1-2 months has a greater effect on HbA1c 

(15). Consequently, HbA1c is traditionally considered to reflect the average plasma 

glucose level over the previous 2-3 months (15). However, the correlation between 

Bergenstal-GMI and HbA1c remained almost equally strong across all investigated 

timeframes (14, 30, 60, and 90 days), probably reflecting the relative stability of 

glycemic control in our population (partly explained by the eligibility and exclusion 

criteria – Table 1) (93). 

Table 2 – Pearson correlation coefficients (r) with their respective 95% confidence 

intervals (95% CI) between baseline HbA1c and 14-, 30-, 60- and 90-day Bergenstal-GMI. 

Study-1. (93) 

 GMI 14 days GMI 30 days GMI 60 days GMI 90 days 

 r [95% CI] r [95% CI] r [95% CI] r [95% CI] 

HbA1c 

(Guardian-3 

users) 

0.844 
[0.765;0.898] 

0.868 
[0.8;0.914] 

0.879 
[0.817;0.922] 

0.875 
[0.811;0.919] 

HbA1c 

(Guardian-4 

users) 

0.898 
[0.75;0.961] 

0.938 
[0.843;0.976] 

0.95 
[0.872;0.981] 

0.944 
[0.857;0.979] 

 

3.4. Statistical analysis 

Baseline characteristics are reported as means and standard deviations (SD) for 

continuous and counts (percentages) for categorical variables. For comparisons between 

Guardian-3 and Guardian-4 users, independent sample t-tests for continuous and chi2-

tests for categorical variables were used. 
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First, we modelled laboratory-measured HbA1c (dependent) using CGM-derived mean 

glucose values (independent) with CGM type both as main effect and its interaction 

with mean glucose. We tested for non-linearity with the addition of a quadratic term of 

mean glucose, but given its non-significance, it was dropped from the final model. For 

graphical representation, we report mean estimated HbA1c and its 95 % confidence 

interval (CI) for Guardian-3 (Guardian-3 GMI) and Guardian-4 (Guardian-4 GMI) 

separately. Given that participants could have provided up to 2 HbA1c and mean 

glucose measurements for the analysis, we used generalised estimating equations (GEE) 

with individual measurements as units of analysis grouped within individuals. 

Second, we saved the errors from the previous model (the difference or so-called “gap” 

between measured and estimated HbA1c; Guardian-3 gap and Guardian-4 gap) as well 

as the difference (gap) between Bergenstal-GMI and measured HbA1c (Bergenstal-gap) 

and compared the proportion of patients with clinically relevant gaps (absolute value ≥ 

0.5 %) (21) at the baseline visit for device-specific vs Bergenstal measures with 

McNemar tests (96). 

Third, we investigated the association between the measured HbA1c and the given gaps 

on a modified Bland-Altman plot by sensor type (91, 92). We also modelled the gaps 

(using a similar approach to the previous models with GEE) with the Guardian-3 gap, 

Guardian-4 gap, and Bergenstal-gap as outcomes and laboratory-measured HbA1c as 

predictor separately for each sensor. Estimates were plotted over HbA1c as a gold 

standard measure (with 95 %CIs). 

All analyses were performed using IBM SPSS Statistics version 29 (IBM Corp, NY, 

USA) or StataNOW/MP 18.5 (StataCorp LLC, TX, USA), two-sided P-values < 0.05 

were considered statistically significant. (93) 
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4. Results (reported separately for Study-1 and Study-2) 

4.1. Results of Study-1 

4.1.1. Baseline characteristics 

We included 120 patients (n=90 with Guardian-3 sensors and n=30 with Guardian-4 

sensors) with type 1 diabetes aged 18 years or older. Altogether, they had 194 

measurement points (149 for Guardian-3 users and 45 for Guardian-4 users). The 

median time between the first and second measurements was 133 days (range: 91–511 

days). Both Guardian-3 and Guardian-4 sensor users had similar age (∼ 40 years), sex 

distribution, and diabetes duration (∼ 20 years).  

Furthermore, Guardian-3 and Guardian-4 users had similar clinical characteristics 

(eGFR, haemoglobin, mean corpuscular volume, frequency of hypothyroidism, coeliac 

disease, hypertension, diabetic retinopathy, and diabetic kidney disease, use of iron 

supplementation and oral anticoncipient), sensor use (~90%), CV of sensor glucose 

(~33%), difference between HbA1c and Bergenstal-GMI (Bergenstal-gap), and TBR 

(~2%). (Table 3) 

In contrast, Guardian-3 users were more frequently on hybrid closed-loop insulin pump 

therapy (MiniMed 780G; 67 vs 3%). As expected, the Guardian-3 group had 

significantly lower GMI (mean difference [MD]: 0.51, 95%CI: 0.28-0.74), lower TAR 

(MD: 14.7%, 95%CI: 8.6-20.9%) and higher TIR (MD: 14.3, 95%CI: 8.4-20.2%) 

compared to the Guardian-4 group. There was a numerically lower but statistically not 

significantly different HbA1c in the Guardian-3 group (MD: 0.36, 95% CI: -0.79-

0.07%). (Table 3) (93) 

 

Table 3 – Baseline characteristics of included type 1 diabetes patients in Study-1 (93) 

 

All 

Guardian-3 

sensor users 

Guardian-4 

sensor users p
#
 

 

Mean ± SD
¶
 / 

n(%) 

Mean ± SD
¶ 
/ 

n(%) 

Mean ± SD
¶ 
/ 

n(%) 

 n 120 90 (75%) 30 (25%) 

 Age (years) 36 ± 13.3 35.1 ± 12.4 38.7 ± 11.2 0.15 
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Sex 0.21 

  Female, n (%) 61 (50.8%) 49 (54.4%) 12 (40%) 

   Male, n (%) 59 (49.2%) 41 (45.6%) 18 (60%) 

 Duration of diabetes (years) 19.2 ± 15.1 18.8 ± 10.9 20.5 ± 13.7 0.49 

Insulin treatment 

   

<0.001 

  MDI
*
, n (%) 59 (49.2%) 30 (33.3%) 29 (96.7%) 

   Insulin pump (MM780G)
†
, n 

(%) 61 (50.8%) 60 (66.7%) 1 (3.3%) 

 Sensor use (% of time) 88.4 ± 8.3 88 ± 7.9 89.7 ± 6.9 0.30 

Glycated haemoglobin (HbA1c) 

[%] 7.3 ± 1.2 7.2 ± 0.8 7.6 ± 1.1 0.10 

HbA1c (mmol/mol) 56.3 ± 12.8 55.3 ± 9.1 59.3 ± 11.7 

 GMI
‡ 
(%) 7.0 ± 0.7 6.9 ± 0.5 7.4 ± 0.6 <0.001 

GMI (mmol/mol)  53.1 ± 7.6 51.7 ± 5.6 57.3 ± 6.9 

 Coefficient of variation (CV) [%]  32.9 ± 4.1 32.9 ± 4.2 33.2 ± 3.3 0.69 

Time in range (TIR) [%] 69.5 ± 17.5 73.1 ± 13.6 58.8 ± 15.6 <0.001 

Time below range (TBR) [%]  2.1 ± 2.1 2.2 ± 2.1 1.6 ± 1.7 0.20 

Time above range (TAR) [%]  28.5 ± 18.4 24.8 ± 14.1 39.5 ± 16.5 <0.001 

Glycaemic gap (HbA1c-GMI) 

[%] 0.3 ± 0.6 0.3 ± 0.4 0.2 ± 0.6 0.14 

eGFR 
§
 (mL/min/1.73 m

2
) 87.5 ± 9.3 87.8 ± 7.1 86.6 ± 8.4 0.44 

Haemoglobin (g/L) 145.2 ± 17.1 144.7 ± 13.2 146.7 ± 15.4 0.49 

Mean cellular volume (MCV) 

[fL] 87.9 ± 4.6 87.9 ± 3.8 87.8 ± 4 0.92 

Hypothyroidism, n (%) 16 (13.3%) 13 (14.4%) 3 (10%) 0.76 

Coeliac disease, n (%) 7 (5.8%) 6 (6.7%) 1 (3.3%) 0.68 

Hypertension, n (%) 24 (20%) 17 (18.9%) 7 (23.3%) 0.61 

Iron supplementation, n (%) 6 (5%) 4 (4.4%) 2 (6.7%) 0.64 

Oral anticoncipient, n (%) 10 (8.3%) 6 (6.7%) 4 (13.3%) 0.27 

Retinopathy
||
, n (%) 16 (21.6%) 10 (17.9%) 6 (33.3%) 0.20 

Diabetic kidney disease
||
, n (%) 7 (7.4%) 4 (5.6%) 3 (13.6%) 0.35 

 

* MDI: multiple daily insulin injections, † MM780G: Minimed 780G advanced hybrid closed-loop 

system, ‡ GMI: glucose management indicator, § eGFR: estimated glomerular filtration rate calculated 
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by the CKD-EPI equation. || Forty-six patients had unknown retinopathy status, and twenty-six patients 

had unknown albuminuria status (no screening within one year). SD: standard deviation.  

The percentages are based on the number of patients for whom data are available.  

P values are given for the comparison of Guardian-3 and Guardian-4 sensors using 2-sample t-tests or 

χ2-tests as appropriate. 

 

4.1.2. Sensor-specific GMI equations versus the Bergenstal equation to estimate 

HbA1c 

By modelling laboratory-measured HbA1c using CGM-derived mean glucose values for 

each sensor separately (see Table 4 and Figure 1 for details), the following device-

specific GMI equations (Guardian-3 GMI, Guardian-4 GMI) were obtained: 

Table 4 – Device-specific and the original GMI equations (93) 

Device-specific GMI equations for the Medtronic Guardian Sensor 3 sensors 

• Guardian-3 GMI (%)=2.32+0.59×mean glucose (mmol/l) 

• Guardian-3 GMI (%)=2.32+0.033×mean glucose (mg/dl) 

Device-specific GMI equations for the Medtronic Guardian 4 Sensors 

• Guardian-4 GMI (%)=1.565+0.63×mean glucose (mmol/l) 

• Guardian-4 GMI (%)=1.565+0.035×mean glucose (mg/dl) 

Original GMI equation published by Bergenstal et al. using Dexcom G4 and G5 

sensors (42) 

• GMI (%)=3.31+0.43×mean glucose (mmol/l) 

• GMI (%)=3.31+0.0239×mean glucose (mg/dl). 

 

Compared to the original Bergenstal equation, both the Guardian-3- and Guardian-4 

specific equations had a steeper slope (Δ HbA1c / Δ mean glucose was 0.43% versus 

0.59% and 0.63% / mmol/L for the Bergenstal-equatinon, Guardian-3 GMI and 

Guardian-4 GMI, respectively [4.7 versus 6.4 and 6.9 mmol/mol / mmol/l]), while the 

Guardian-3 and Guardian-4 slopes were similar. This translated to the fact that the line 

of the Bergenstal equation fell below the Guardian-3- and Guardian-4 specific 

estimations at higher mean sensor glucose values (Fig. 1). 
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Fig. 1. Association between CGM-derived mean glucose and laboratory measured HbA1c (raw data and 

based on the Bergenstal as well as device-specific equations). The table shows slope and intercepts for 

the association between CGM-derived mean glucose (centred at 8.5 mmol/l) and estimated HbA1c (%, 

Bergenstal GMI, Guardian-3 specific GMI, Guardian-4 specific GMI). Dots represent raw HbA1c data 

(%, blue – Guardian-3 sensor users, red – Guardian-4 sensor users) for each measurement point. The 

green line shows estimated HbA1c(%) based on the Bergenstal-GMI equation. The blue line (and band) 

displays the estimated HbA1c (%, and 95 % confidence band) for the Guardian-3 sensor-based device-

specific GMI equation, the red line (and band) displays the estimated HbA1c (%, and 95 % confidence 

band) for the Guardian-4 sensor-based device-specific GMI equation based on generalised estimating 

equations. Details of the derivation of the device-specific GMI can be found under Statistical Analysis. To 

convert HbA1c [%] and GMI [%] (as absolute values) to mmol/mol, the conversion formula is: 

HbA1c(mmol/mol) = (HbA1c[%]−2.15)x10.929, and GMI(mmol/mol) = (GMI[%]−2.15)x10.929. To 

convert glucose concentration to mg/dl, multiply values in mmol/l by 18.015. (93) 

 

As shown in Figure 1, we centred the sensor glucose values around the overall CGM-

derived mean of the study population (8.5 mmol/l [153 mg/dl]); thus, the intercept 

values provided estimated HbA1c values for 60-day mean sensor glucose of 8.5 mmol/l 

[153 mg/dl]. While the confidence interval for the Guardian-4 sensor contained the 

recalculated value of the Bergenstal equation, it was lower than the lower bound of the 

confidence interval of the intercept for the Guardian-3 equation. This means that the 

Bergenstal equation estimated HbA1c well around the mean (8.5 mmol/l [153 mg/dl]) 
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sensor glucose for the Guardian-4 sensor, while it was significantly underestimating for 

the Guardian-3 sensor (Fig. 1). 

Altogether, this translated into 2 parallel lines for Guardian-3 (higher) and Guardian-4 

(lower) that were both steeper than the Bergenstal line. The confidence interval of the 

Guardian-3 line contained the Bergenstal line for the lowest mean glucose values but it 

was above the Bergenstal line from approximately 7 mmol/l [126 mg/dl]. The 

confidence interval of the Guardian-4 line was below the Bergenstal line for the lower 

range, contained the line between approximately 7 and 9 mmol/l [126 and 162 mg/dl], 

and was above the Bergenstal line above ∼9 mmol/l [162 mg/dl] (Fig. 1). 

We found that the proportion of participants with clinically significant GMI-gap (an 

absolute value of ≥0.5% difference between the estimated and the laboratory-measured 

HbA1c) was significantly smaller with the use of the device-specific GMI compared to 

the use of the Bergenstal-GMI for the Guardian-3 sensor (P = 0.043) and numerically 

smaller for the Guardian-4 sensor (P = 0.125) (Table 5). (93) 

 

Table 5. Crosstabulation of clinically significant glycaemic gap (absolute value of 

HbA1c-GMI≥0.5 %[5.5mmol/mol]) by the type of GMI equation stratified by type of 

CGM system at the baseline visit. (93) 

  Absolute value of 

Guardian-3 gap 

Absolute value of 

Guardian-4 gap 

  <0.5% ≥0.5% p <0.5% ≥0.5% p 

Absolute value of 

Bergenstal-gap 

<0.5% 
n=53 

(58.9%) 

n=7 

(7.8%) 
0.043 

n=17 

(56.7%) 

n=1 

(3.3%) 
0.125 

≥0.5% 
n=18 

(20.0%) 

n=12 

(13.3%) 

n=6 

(20.0%) 

n=6 

(20.0%) 

 

P-values are given for McNemar tests. 

Bergenstal-gap(%) = HbA1c(%)-GMI_Bergenstal(%). 

Guardian-3 gap(%) = HbA1c(%)-GMI_Guardian3(%). 

Guardian-4 gap(%) = HbA1c(%)-GMI_Guardian4(%). 

GMI_Bergenstal, GMI_Guardian3, and GMI_Guardian4 are calculated with the 

original, the Guardian-3 specific, and Guardian-4 specific GMI equations, respectively 
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4.1.3. Bland-Altman analysis of the HbA1c-GMI difference 

When we plotted the difference between HbA1c and GMI based on the Bergenstal or 

the sensor-specific equation, i.e., the Bergenstal-gap, Guardian-3 gap, and Guardian-4 

gap with HbA1c for each device separately, we saw a strong relationship between all 

three gaps and HbA1c, with larger gaps at higher HbA1c values. 

Furthermore, the slope of this association was steeper for the Bergenstal-gap versus the 

sensor-specific Guardian-3 and Guardian-4 gaps (Table 6, Fig. 2). (93) 

Table 6 – Association between glycaemic gap (dependent; based on device-specific and 

the original GMI) and HbA1c (independent) based on generalised estimating equations 

(Bland-Altman analysis). (93) 

Guardian-3 sensor     

 Bergenstal-gap(%) Guardian-3 gap(%) 

 Beta 95% CI Beta 95% CI 

Slope(%) 0.47 0.40-0.55 0.27 0.16-0.38 

Intercept(%) 0.30 0.25-0.35 0.00 -0.07-0.06 

Guardian-4 sensor     

 Bergenstal-gap(%) Guardian-4 gap(%) 

 Beta 95% CI Beta 95% CI 

Slope(%) 0.47 0.38-0.57 0.24 0.09-0.38 

Intercept(%) 0.14 0.05-0.23 0.00 -0.13-0.13 

 

Based on generalised estimating equations. HbA1c(%) was centred at 7.14 % for the Guardian-3 sensor 

and at 7.52 % for the Guardian-4 sensor. 

Bergenstal-gap(%) = HbA1c(%)-GMI_Bergenstal(%), calculated with the original GMI equation. 

Guardian-3 gap(%) = HbA1c(%)-GMI_Guardian3(%), calculated with the Guardian-3 specific GMI 

equation. 

Guardian-4 gap(%) = HbA1c(%)-GMI_Guardian4(%), calculated with the Guardian- 4 specific GMI 

equation. 

CI: confidence interval. 

To convert HbA1c[%] and GMI[%] (as absolute values) to mmol/mol, the conversion formula is: 

HbA1c(mmol/mol)=(HbA1c[%]−2.15)x10.929, and GMI(mmol/mol)=(GMI[%]−2.15)x10.929. 
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Fig. 2. Modified Bland-Altman plots for the analysis of agreement between laboratory-measured HbA1c 

and model-derived GMI (using the original and the sensor-specific GMI equations) for the Guardian-3 

(A) and Guardian-4 sensors (B). Dots represent raw agreement data (HbA1c[%]-GMI[%]; green – based 

on original GMI equation, blue – based on Guardian-3 specific GMI equation, red – based on Guardian-

4 specific GMI equation). The green line (and band) shows estimated agreement data based on the 

original GMI equation (and its 95 % confidence band) stratified by CGM device. The blue line (and 

band) displays the estimated agreement (and 95 % confidence band) data for the Guardian-3 sensor-

specific GMI equation, the red line displays the estimated agreement (and 95 % confidence band) data for 
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the Guardian-4 sensor-specific GMI equation based on generalised estimating equations. Dashed lines 

mark 1.96 standard deviation and the mean of the raw data. Details of the derivation of the device-

specific GMI can be found under Statistical Analysis. To convert HbA1c[%] and GMI[%] (as absolute 

values) to mmol/mol, the conversion formula is: HbA1c(mmol/mol) = (HbA1c[%]−2.15) x 10.929, and 

GMI(mmol/mol) = (GMI[%]−2.15) x 10.929. To convert glucose concentration to mg/dl, multiply values 

in mmol/l by 18.015. (93) 

For the Guardian-3 sensor, the only overlap between the confidence intervals was found 

at the lowest HbA1c values. Above that the GMI based on the Bergenstal equation 

underestimated significantly more the actual HbA1c values compared to the sensor-

specific equation. The difference in overestimation was over 1 % [11 mmol/mol] for 

HbA1c values above 10 % [86 mmol/mol] (Table 6, Fig. 2). 

For the Guardian-4 sensor, a similar pattern emerged. However, the lines crossed each 

other at an HbA1c of around 7 % [53 mmol/mol], leading to smaller overestimation at 

lower HbA1c values and smaller underestimation at higher HbA1c values for the 

sensor-specific GMI equation compared to the Bergenstal-based GMI equation. The 

largest difference was reached at the highest HbA1c values (10.5 % [91 mmol/mol]), 

where the Bergenstal equation underestimated HbA1c by approximately 1 % [11 

mmol/mol] compared to the sensor-specific equation (Table 6, Fig. 2). 

The slopes for the Guardian-3 gap and Guardian-4 gap were similar, and they were 

substantially (40–50 %) shallower compared to the slope for the Bergenstal-gap. 

Furthermore, the intercepts for the Bergenstal-gap were different (higher for the 

Guardian-3 sensor-based mean glucose values compared to the Guardian-4 sensor-based 

mean glucose values), suggesting that the calibration of the sensor glucose values were 

different for the Guardian-3 and Guardian-4 sensors in line with the fact that for a given 

HbA1c value the Guardian-3 sensor reports a lower mean sensor glucose (Table 6, Fig. 

1, Fig. 2). (93) 

4.2. Results of Study-2 

4.2.1. Baseline characteristics 

Altogether, we included 145 patients with n=216 measurement points (Minimed 780G 

n=90, multiple daily injection therapy [MDI] n=126, median time between first and 

second measurements 138 [range:90–392] days). All patients in Study-2 used  
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Guardian-4 sensors. The patient population included the 30 Guardian-4 users from 

Study-1. It also included some patients who used Guardian-3 in Study-1 but had 

switched to Guardian-4 by the time of Study-2. Pump users were younger, had lower 

HbA1c and GMI and higher time in range (TIR) and sensor use compared to patients on 

MDI. (Table 7) (94)  
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Table 7 – Baseline characteristics of included type 1 diabetes patients (94)  

 

All 

Minimed 780G 

users 

Patients on 

MDI
*
therapy P

#
 

 

Mean ± SD
¶
 / 

n(%) Mean ± SD
¶ 

/ n(%) Mean ± SD
¶ 

/ n(%) 

 n 145 66 (46%) 79 (54%) 

 Age (years) 34.6 ± 11.7 32.2 ± 10.0 36.5 ± 12.8 0.024 

Sex 

   Female, n (%) 71 (49.0%) 38 (57.6%) 33 (41.8%) 0.068 

  Male, n (%) 74 (51.0%) 28 (42.4%) 46 (58.2%) 0.068 

Duration of diabetes (years) 17.9 ± 11.6 18.4 ± 9.1 17.5 ± 13.3 0.640 

Sensor use (% of time) 90.4 ± 7.7  93.1 ± 5.7 88.0 ± 8.4 <0.001 

HbA1c
†
 (%) 7.4 ± 1.1 7.0 ± 0.7 7.7 ± 1.3 <0.001 

HbA1c
†
 (mmol/mol) 57.2 ± 12.2 53.3 ± 8.0 60.6 ± 14.0 <0.001 

GMI
‡ 
(%) 7.1 ± 0.7 6.8 ± 0.4 7.4 ± 0.8 <0.001 

GMI
‡
 (mmol/mol)  53.9 ± 9.8 51.3 ± 3.9 57.0 ± 12.5 <0.001 

Coefficient of variation (%) 33.6 ± 4.9 33.6 ± 4.3 33.6 ± 5.0 0.986 

Time in range (TIR) [%] 66.1 ± 17.4 75.4 ± 9.1 58.3 ± 18.8 <0.001 

Time below range (TBR) [%]  2.3 ± 2.7 1.8 ± 1.5 2.7 ± 3.3 0.045 

Time above range (TAR) [%]  31.6 ± 17.7 22.7 ± 9.5 39.0 ± 19.5 <0.001 

Serum creatinine (umol/L) 75.1 ± 13.7 74.2 ± 13.5  75.9 ± 13.9 0.457 

Haemoglobin (g/L) 145.2 ± 13.2 143.2 ± 13.0 146.8 ± 13.3 0.102 

Mean cellular volume (fL) 88.0 ± 3.7 88.2 ± 3.7 87.8 ± 3.7 0.476 

Body mass index (BMI) (kg/m
2
) 24.6 ± 4.2 24.5 ± 4.3 24.7 ± 4.1 0.805 

Hypothyroidism, n (%) 17 (11.7%) 9 (13.6%) 8 (10.1%) 0.607 

Coeliac disease, n (%) 10 (6.9%)  3 (4.5%) 7 (8.9%) 0.347 

Hypertension, n (%) 22 (15.2%) 8 (12.1%) 14 (17.7%) 0.486 

Iron supplementation, n (%) 5 (3.4%) 3 (4.5%) 2 (2.5%) 0.660 

Oral anticoncipient, n (%) 14 (9.7%) 7 (10.6%) 7 (8.9%) 0.782 

Retinopathy
§
, n (%) 18 (22.8%) 8 (21.6%) 10 (23.8%) 1.000 
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Diabetic kidney diseas
§
, n (%) 5 (4.2%) 1 (1.7%) 4 (6.6%) 0.365 

 

* MDI: multiple daily injection, † HbA1c: glycated haemoglobin A1c, ‡ GMI: glucose management 

indicator based on the original Bergenstal equation. § Sixty-six patients had unknown retinopathy status, 

and twenty-five patients had unknown albuminuria status (no screening within one year). ¶ SD: standard 

deviation. # P values are given for the comparison of Minimed 780G users and patients on MDI therapy 

using 2-sample t-tests or χ2-tests as appropriate. 

 

4.2.2. Guardian-4 specific versus Bergenstal GMI equation to estimate HbA1c 

By modelling laboratory-measured HbA1c using CGM-derived mean glucose values for 

the Guardian-4 sensor, using a significantly larger sample size compared to Study-1, the 

following device-specific GMI equation (Guardian-4 GMI) was obtained: 

Guardian-4 GMI (%)=2.02+0.6×mean glucose (mmol/L) 

Guardian-4 GMI (%)=2.02+0.0333×mean glucose (mg/dL) 

Compared to the original Bergenstal equation, the Guardian-4 specific equation had a 

steeper slope (0.43 versus 0.60% / mmol/l [4.7 versus 6.6 mmol/mol / mmol/l]), and a 

higher intercept at a mean glucose of 8.5 mmol/l (153 mg/dl). The confidence interval 

of the Guardian-4 line was below the Bergenstal line for lower mean glucose values, 

contained the line between approximately 6.8 and 8.1 mmol/l (123 and 146 mg/dl), and 

was above the Bergenstal line for mean glucose values above ∼8.1 mmol/l (146 mg/dl). 

(Fig. 3A)  

The difference between the Bergenstal-GMI and Guardian-4 specific GMI reached the 

clinically significant 0.5%(5.5 mmol/mol) difference at a mean glucose level of 10.6 

mmol/L (191mg/dl) (95%CI:10.1-11.3mmol/L[182-204mg/dl]). (Fig. 3A) 

The number of participants with clinically significant GMI-gap (absolute value ≥0.5% 

[≥5.5 mmol/mol]) was smaller for the Guardian-4 specific vs the Bergenstal equation 

(Bergenstal-gap ≥0.5% and Guardian-4 gap <0.5%: n=24 [16.6%]; Guardian-4 gap 

≥0.5% and Bergenstal-gap <0.5%: n=11 [7.6%]; both gaps ≥0.5%: n=36 [24.8%]; both 

gaps < 0.5%: n=74 [51.0%]. McNemar test P=0.04). Besides more favourable overall 

results, it should be noted, however, that some patients had higher GMI-gap when the 

Guardian-4 vs the Bergenstal equation was used. (94) 
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Bland-Altman analysis  

When we plotted the difference between HbA1c and GMI based on the Bergenstal or 

the Guardian-4 specific equation (i.e., the Bergenstal-gap and Guardian-4 gap) over 

HbA1c, we saw a strong positive relationship between both gaps and HbA1c, with 

larger gaps at higher HbA1c values. The slope was almost twice as steep for the 

Bergenstal-gap versus the Guardian-4 specific gap. (Fig. 3B) 

The confidence intervals of the Bergenstal and the sensor-specific gaps overlap only in 

well-controlled patients with an HbA1c of <7% (53 mmol/mol). Above 7% of HbA1c, 

the Bergenstal GMI underestimated the actual HbA1c values significantly more 

compared to the Guardian-4 specific equation. Furthermore, the gap reached the 

clinically significant threshold of 0.5% at an HbA1c of ~8% (64 mmol/mol) for the 

Bergenstal and at ~9.3% (78 mmol/mol) for the device-specific GMI-gap. (Fig. 3B) (94) 
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Fig. 3 Association between CGM-derived mean glucose and laboratory-measured HbA1c (raw data and 

based on the Bergenstal as well as device-specific equations) (panel A) and modified Bland-Altman plots 

for the analysis of agreement between laboratory-measured HbA1c and model-derived GMI (using the 

original and the sensor-specific GMI equations) (panel B).  

The table in panel A shows slope and intercepts for the association between CGM-derived mean glucose 

(centred at 8.5 mmol/l) and estimated HbA1c (%, Bergenstal GMI, Guardian-4 specific GMI). Red dots 

represent raw HbA1c data (%) for each measurement point. The green line shows estimated HbA1c(%) 



37 
 

based on the Bergenstal-GMI equation. The red line (and band) displays the estimated HbA1c (%, and 95 

% confidence band) for the Guardian-4 sensor-based device-specific GMI equation based on generalised 

estimating equations.  

Estimates in the table in panel B are based on generalised estimating equations. HbA1c(%) was centred 

at 7.52%.Dots represent raw agreement data (HbA1c[%]-GMI[%]; green – based on original GMI 

equation, red – based on Guardian-4 specific GMI equation). The green line (and band) shows estimated 

agreement data based on the original GMI equation (and its 95 % confidence band). The red line (and 

band) displays the estimated agreement (and 95 % confidence band) data for the Guardian-4 sensor-

specific GMI equation based on generalised estimating equations. Dashed lines mark 1.96 standard 

deviation and the mean of the raw data. Details of the derivation of the device-specific GMI can be found 

under Statistical Analysis. To convert HbA1c[%] and GMI[%] (as absolute values) to mmol/mol, the 

conversion formula is: HbA1c(mmol/mol) = (HbA1c[%]−2.15) x 10.929, and GMI(mmol/mol) = 

(GMI[%]−2.15) x 10.929. To convert glucose concentration to mg/dl, multiply values in mmol/l by 

18.015. (94) 
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5. Discussion 

5.1. Short Summary 

Among adult type 1 diabetes patients on intensified insulin therapy with a wide range of 

diabetes duration and HbA1c using Guardian-3 and Guardian-4 sensors, we 

demonstrated that the original GMI equation (Bergenstal-GMI) clinically significantly 

(≥0.5% [5.5 mmol/mol]) underestimates HbA1c in Guardian-3 users with an HbA1c 

>7.6%(60 mmol/mol) and in Guardian-4 users with an HbA1c >8 %(64 mmol/mol). 

Our device-specific GMIs reach this level of inaccuracy at an HbA1c >9%(75 

mmol/mol) for Guardian-3 and at an HbA1c >9.3%(78 mmol/mol) for Guardian-4 

sensors. (Fig. 2A and Fig. 3B) This inaccuracy could potentially lead to undertreatment 

of patients with moderately elevated HbA1c values when the original GMI equation is 

used, while this risk is much smaller with the device-specific equation. Furthermore, we 

found that the proportion of patients with clinically significant GMI-gaps (absolute 

value ≥0.5% [≥5.5 mmol/mol]) was reduced with the use of the device-specific vs the 

original GMI equation. (Table 5). 

The difference between the Bergenstal-GMI and device-specific GMI reached the 

clinically significant 0.5%(5.5 mmol/mol) difference at a mean glucose level of 9.5 

mmol/L (171mg/dl) (95%CI:9.4-9.7mmol/L[169-175mg/dl]) for Guardian-3 sensors 

and at 10.6 mmol/L (191mg/dl) (95%CI:10.1-11.3mmol/L[182-204mg/dl]) for 

Guardian-4 sensors. (Fig. 1 and Fig. 3A) 

The Bland-Altman analysis clearly demonstrates that heteroscedasticity was present 

between the glycaemic gap (the residual for the HbA1c prediction model) and HbA1c 

for all three prediction models. Compared to the Bergenstal-GMI, the error of the 

Guardian-3 GMI and Guardian-4 GMI was mostly significantly smaller and 

approximately half as large as for the Bergenstal-GMI for HbA1c values > 7 % [53 

mmol/mol]. (Table 6, Fig. 2A and Fig. 3B) Thus, applying sensor-specific GMI 

equations significantly improved accuracy in almost all HbA1c ranges. 
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For Guardian-4 sensors, our discussion is based on the results of Study-2, given the 

larger sample size (Study-1 vs Study-2: n= 30 vs 145 patients, 45 vs 216 measurement 

points) and the consequently 40-60% narrower CIs for estimating HbA1c (CI: 0.3-0.9% 

for HbA1c estimation in the glucose range of 5.5-14 mmol/L in Study-1, vs 0.1-0.5% in 

Study 2). For Guardian-4 sensors, the proposed device-specific GMI equation is that 

derived from Study-2. Thus, our proposed device-specific GMI equations for the 

Guardian-3 and Guardian-4 sensors are as follows: 

Guardian-3 GMI (%)=2.32+0.59×mean glucose (mmol/L) 

Guardian-3 GMI (%)=2.32+0.033×mean glucose (mg/dL)  

Guardian-4 GMI (%)=2.02+0.6×mean glucose (mmol/L) 

Guardian-4 GMI (%)=2.02+0.0333×mean glucose (mg/dL)   (93, 94) 

5.2. Our results in the context of the literature 

Numerous studies suggested that the type of CGM system influences the overall 

association between mean sensor glucose and HbA1c (21, 75, 83, 97-101). 

Similarly to our results, studies using Freestyle Libre found that the Bergenstal-GMI 

underestimates glycaemia at higher and overestimates at lower HbA1c values (75, 98-

100). However, heteroscedasticity and intercept bias were rarely investigated. 

 Among 252 type 1 diabetes patients aged 15-79 years using Freestyle Libre sensors 

(sensor generation not reported), Alarcón et al. reported that differences between HbA1c 

and Bergenstal-GMI became greater as HbA1c increased, especially above an HbA1c of 

8%, where Bergenstal-GMI significantly underestimated HbA1c. However, a detailed 

quantitative assessment was not reported. (99). In a markedly different patient 

population (including type 2 diabetes patients) using Freestyle Libre 1 devices, classical 

Bland-Altman analysis showed similar tendencies (75). 

For the Dexcom G4 and G5 sensors, some indirect evidence suggests that the 

Bergenstal-GMI equation is appropriate (77). This is consistent with the fact that the 

original GMI formula was developed with Dexcom G4 and G5 sensors (42). 

In contrast, similar data is scarce for Medtronic sensors. Although the Bergenstal-GMI 

formula has been validated for Guardian 3 sensors, the related study is only descriptive 

and did not investigate the accuracy of GMI in different HbA1c ranges (102). Using a 
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mixed population on real-time (rt) and intermittently scanned CGM systems that 

included > 80 % Medtronic sensor users (sensor generation not indicated), ∼75 % of all 

rtCGM users with HbA1c ≥ 7.5 % [58 mmol/mol] had lower GMI than HbA1c (97), 

confirming our findings (quantitative assessment of heteroscedasticity was not 

reported). 

Recently, two other studies reported a detailed assessment of how the original 

Bergenstal equation performed with other CGM systems (100, 101).  

Yoo et al. investigated type 1 diabetes patients using Dexcom G6 (n=117) or FreeStyle 

Libre 1 (n=158) CGM devices (100). For Dexcom G6 users, the original GMI equation 

significantly overestimated glycaemia when HbA1c was below 8.0%. In patients with 

Dexcom G6 whose laboratory HbA1c fell into the range of 5.0-5.9% (mean: 5.6%), 

GMI was, on average, 0.9% higher (mean: 6.5%) than HbA1c. Above an HbA1c of 8%, 

HbA1c and GMI did not differ significantly; however, the number of patients who fell 

into this range was small. For Freestly Libre users, the original GMI equation 

significantly underestimated glycaemia in the higher HbA1c ranges and overestimated 

glycaemia in the lower HbA1c ranges. In patients with Freestyle Libre 1 whose 

laboratory HbA1c fell into the range of 5.0-5.9% (mean: 5.6%), GMI was, on average, 

by 0.5% higher (mean: 6.2%) than HbA1c. In those whose HbA1c fell into the range of 

9.0-9.9% (mean: 9.4%), GMI was, on average, by 0.9% lower (mean: 8.5%) than 

HbA1c. Modified Bland-Altman analysis showed that for Freestyle Libre 1, the original 

GMI equation estimated HbA1c well around a laboratory HbA1c of 7.1%. However, 

above and below 7.1%, approximately 0.5% discordance occurred with every 1% 

change in laboratory HbA1c. It is also important to note that the mean HbA1c and the 

mean GMI of Freestyle Libre users were identical (7.2%); thus, simply reporting the 

mean HbA1c and mean GMI would not have captured the aforementioned significant 

biases. For Dexcom G6 users, the mean HbA1c of the entire subgroup was 0.6% lower 

than the GMI (6.6 vs. 7.2%, p <.001). Altogether, this study demonstrated similar or 

partly similar tendencies (overestimating HbA1c in lower ranges with both sensors, and 

underestimating HbA1c in higher ranges with FreeStyle Libre 1) when the original GMI 

equation was applied to Dexcom G6 and FreeStyle Libre 1 sensors, as did our study 

with Guardian-3 and Guardian-4 sensors. (100) 
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In a study among 147 type 1 diabetes patients in Romania using Medtronic Guardian 3 

sensors, Lazar et al. found excellent correlation between HbA1c and GMI in the HbA1c 

range of 6-8%. However, they reported that the original GMI equation overestimates 

glycaemia in lower HbA1c values and underestimates glycaemia in higher HbA1c 

ranges, confirming our findings. The steepness of the Bland-Altman regression line ( Δ 

[HbA1c-GMI] / Δ HbA1c) was approximately 0.6% / % in their report, which is very 

close to our findings with Guardian 3 sensors. A sensor-specific GMI equation was not 

reported or investigated in this study. (101) 

 

Freckmann et al. compared the glycaemic metrics derived from three different types of 

CGMs (Freestyle Libre 3, Dexcom G7 and Medtronic Simplera) worn simultaneously 

by the same individual, among n=23 adult type 1 diabetes patients (83). Regarding 

mean values of the entire study population, the agreement between the Freestyle Libre 3 

and Dexcom G7 sensors was overall good; they differed significantly only in some 

hypoglycaemia metrics. However, Freestyle Libre 3 and Dexcom G7 CGMs differed 

significantly from the Medtronic Simplera sensors in many glycaemic metrics, 

including the mean TIR (76.3 vs. 76.2 vs. 84.0 %), time in tight range (TITR 3.9-7.8 

mmol/L) [54.7 vs. 54.8 vs. 67.5%], TAR, CV, CGM-derived mean glucose, and GMI 

(6.7 vs. 6.7 vs. 6.3%) of the study population. However, device-specific GMI equations, 

performance of the GMI equation in different glucose ranges, or the GMI-HbA1c 

relationship were not investigated (83). This study provides important evidence that 

CGM metrics may depend on the type of the CGM device itself. 

Importantly, Dexcom G4 and G5 CGM devices, which were used to derive the original 

GMI equation (Bergenstal-GMI), are not reference standards. We still don’t know which 

sensor, if any, should be used to derive a „reference GMI equation”, which would reflect 

the true relationship between laboratory-HbA1c and mean plasma glucose values. 

 

5.3. Potential factors affecting the performance of the GMI equation 

Many factors could explain why the Bergenstal-GMI derived from Dexcom G4 and G5 

devices does not translate well for the Medtronic Guardian-3 and Guardian-4 sensors 
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(and possibly for some other CGM devices, as depicted in the literature (21, 75, 83, 97-

101)). These factors can be categorised into two main groups:  

1. Factors that affect the HbA1c – mean plasma glucose relationship, resulting in a 

study population that is significantly different from that of the derivative studies of the 

original GMI equation (57, 72-74)  

2. Factors related to CGM accuracy 

5.3.1. Factors affecting the HbA1c – mean plasma glucose relationship 

Our study controlled for most diseases (e.g. anaemias) and states (e.g. pregnancy) 

known to bias HbA1c measurements (36), as individuals with such states and diseases 

were excluded from our study (Table 1). Intrinsic physiological factors, such as 

differences in erythrocyte lifespan (40), transport of glucose into red blood cells (30, 

31), intracellular glycation and deglycation (32), may also have significant effects on 

the HbA1c – mean glucose relationship. However, the exact association between these 

factors and HbA1c are not known, and they cannot be measured in routine clinical 

practice (44).  

Demographics are frequently investigated as potential determinants of the HbA1c - 

mean glucose relationship. Sex did not have a significant effect on the glycaemic gap in 

a previous study (75), while age may have some effect (27, 75). On the other hand, race 

and ethnicity can significantly affect the HbA1c – mean glucose relationship, as 

discussed previously in section 1.3.2.1. (38, 39). 

Altogether, the populations included in our study and the derivation cohort of the 

original Bergenstal equation are unlikely to explain the differences in the performance 

of the equation, as all participants were non-pregnant adults, mostly Caucasian, most of 

them had type 1 diabetes, and were free from any severe diseases that might preclude 

participation in randomizsed trials, although anaemia, haemoglobinopathy, and an eGFR 

between 45 and 60 ml/min/1.73 m2 were not explicit exclusion criteria in all of these 

studies (57, 72-74). 

Theoretically, any inaccuracy of HbA1c measurement could also impact the HbA1c – 

mean glucose relationship in our study. However, all HbA1c measurements were 

performed in the Central Laboratory of Semmelweis University using high-performance 
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liquid chromatography (HPLC) on a Tosoh Automated Glycohemoglobin Analyzer 

HLC-723G11 device (Tosoh Europe N.V. Tessenderlo, Belgium). The central laboratory 

follows ISO 9001 standards for quality management. 

5.3.2. Factors related to CGM accuracy 

It took decades for HbA1c measurement to become a well-standardised process (24). 

Such standardisation of measuring interstitial glucose by CGM devices is lacking and is 

urged by several experts and organisations (21, 86-88). This effort is also reflected in 

the establishment of the Working Group on Continuous Glucose Monitoring of the 

IFCC Scientific Division in 2019 (87). 

Over the past few years, multiple studies have demonstrated that different types of 

CGM devices, when worn simultaneously by the same participants, can display 

consistently discordant glucose values and CGM-derived metrics, likely reflecting 

differences in sensor accuracy (83, 103-106).  

In a recent study that we already mentioned before, Freckmann et al. analyzed the 

differences in CGM-derived metrics among three new-generation, factory-calibrated 

CGM systems, FreeStyle Libre 3 (FL3), Dexcom G7 (DG7), and Medtronic Simplera 

(MSP), worn in parallel by study participants (83). Regarding the mean values of the 

study population, a significant difference was observed between FL3 and MSP in TBR 

(2.8% vs. 5.1%, respectively), between FL3/DG7 and MSP in TIR (76.3%/76.2% vs. 

84.0%), TITR (54.7%/54.8% vs. 67.5%), and GMI (6.7%/6.7% vs. 6.3%). The study 

protocol also included an experimentally induced hyperglycaemic and hypoglycaemic 

episode with a comparator capillary glucose measurement. During these episodes, the 

profiles of FL3 and DG7 were similar but significantly different from that of the MSP 

sensor, which displayed lower glucose values. The observed differences were large 

enough to impact clinical decision-making (83). The performance results of all CGM 

systems varied depending on the comparator method. However, FL3 and DG7 showed 

better accuracy in the normoglycemic and hyperglycemic range and tended to be more 

accurate altogether, while MSP performed better in the hypoglycemic range (107). 

In the case of glucose oxidase sensors, the electrical signal generated by the enzymatic 

reaction must be accurately converted into a glucose value. To ensure this, the 

collection of comparator data is a critical process during both sensor development and 
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factory and/or fingerstick calibration of a CGM device. According to an Opinion paper 

published by the Working Group on Continuous Glucose Monitoring of the IFCC 

Scientific Division, technical factors, especially differences in the calibration algorithms 

converting the raw signal to CGM readings, are likely the main factor leading to 

discordant CGM readings (87). Origin of the comparator sample (capillary, venous or 

„arterialized”-venous blood), choosing the comparator device, and the study procedures 

used to obtain validation data (108) are all important factors that can have a significant 

effect on CGM data, both during sensor development and post-marketing 

(factory/fingerstick) calibration processes (87). The Working Group on Continuous 

Glucose Monitoring of the IFCC (87), as well as other scientific working groups (86), 

aim for better harmonisation of these factors between manufacturers, hopefully leading 

to better harmonisation of CGM readings between different devices.   

For the time being, however, approval of CGM devices is mostly based on their mean 

absolute relative differences (MARDs) and error grid analyses against blood glucose 

measurements (89). This process, however, is a limited assessment of sensor accuracy 

and allows for certain biases. For example, it allows larger errors in the lower and 

higher ends of the glucose range (90). 

As mentioned before, some sensors require fingerstick calibration. The quality of 

fingerstick calibrations and the devices used could bias accuracy. While this could affect 

Guardian-3 sensors, Guardian-4 (similarly to other novel sensors) is factory-calibrated. 

It should be noted that CGM systems only capture a certain (although wide) glucose 

range, and values outside this range could be handled differently.  

5.4. The benefits and caveats of reporting GMI 

HbA1c is still the gold-standard long-term glycaemic metric validated in robust, long-

term prospective studies for the prediction of chronic diabetes complications (7, 8, 23, 

109). Such studies are lacking and definitely needed for CGM-derived metrics, such as 

mean glucose, GMI, TIR or TITR (21). Furthermore, proper standardisation of CGM 

devices is lacking, as demonstrated by several small studies (83, 103-106) and pointed 

out by recent expert consensus statements (86-88). 



45 
 

Linking CGM metrics to a familiar gold-standard parameter, i.e., HbA1c, is a helpful 

orientation and educational tool for many patients, caregivers, and healthcare 

professionals to guide everyday diabetes management (42). It is also reasonable to link 

CGM metrics to the well-standardised HbA1c until proper standardisation of CGM 

metrics happens. However, linking CGM-derived mean glucose to HbA1c must take 

between-device differences into account.  

Besides standardisation issues, there are conceptual debates regarding the usefulness of 

GMI. While GMI and HbA1c correlate strongly at the population level, there are 

significant individual differences between the two metrics (27, 41, 75, 97, 98, 100, 101, 

110). These individual differences exist even when the GMI equation fits a specific 

device, as was the case with the original GMI equation for Dexcom G4 and G5 sensors 

(42). The observed individual differences have raised doubts about the utility of GMI as 

a surrogate for HbA1c and even led some experts to argue for and against its use (21, 

111). 

The fact that we have two independent measures of chronic glycaemia (HbA1c and 

CGM-derived mean glucose) allows correction of HbA1c for each individual 

(‘personalized HbA1c’) that could be a better reflection of glycaemia than HbA1c (112). 

However, it is still unknown whether this marker could improve the prediction of 

chronic complications, given the fact that HbA1c is also a reflection of 

glycation/deglycation speed (a potential determinant of vascular complications) (26, 27, 

33). At this moment, we believe that the combined, rational use of HbA1c and multiple 

CGM-derived metrics can provide the best care for our patients. For people in whom 

HbA1c can be markedly confounded (such as anaemias), it is reasonable to assume the 

superiority of CGM-derived metrics. 

Our present study demonstrates that the GMI-HbA1c difference can be reduced using 

sensor-specific GMI equations that control for different characteristics of unique 

sensors. Given the exponentially increasing market of CGM systems and number of 

new devices, we believe that validation (and if necessary, recalibration) of the 

Bergenstal-GMI equation is warranted for each sensor. This validation could even help 

the standardisation process of CGM devices, giving light to device-specific bias. 

However, we acknowledge that CGM certification is currently restricted to glucose 



46 
 

measurements. Based on our data, the addition of an HbA1c measurement and some 

minor modification of the certification trial protocol might be enough for these 

purposes. 

Furthermore, if device-specific differences truly exist and the Bergenstal-GMI does not 

reflect these differences, it may not only adversely affect clinical decision-making but 

also research. For example, GMI will be comparable only between studies using the 

same device, but between-device comparisons may be biased. This may also mean that 

meta-analyses of GMI and possibly other CGM data should be stratified by the type of 

device, and more importantly, the performance of two automated insulin delivery 

systems cannot be compared using GMI if they are using different CGM systems. 

If the accuracy of GMI as a metric is questioned, it is reasonable to hypothesise that, 

given that it is directly calculated from the CGM-derived mean glucose, the accuracy of 

other CGM-derived metrics is also questionable. Indeed, several studies have 

demonstrated that different types of CGM devices, when worn in parallel, can display 

consistently discordant glucose values and CGM-derived metrics, likely reflecting 

device-specific differences in sensor accuracy (83, 103-106). Furthermore, one study 

demonstrated that GMI is strongly related to TIR, TITR and TAR in patients using 

MiniMed 780G advanced hybrid closed-loop systems (113).  

To address this question, we plan a study in which patients will wear different CGM 

devices simultaneously and measure laboratory HbA1c at the end of the data-collection 

period. This could also support our findings on the utility of device-specific GMI. (93) 

5.5. Strengths and limitations 

To the best of our knowledge, this is the first study providing a detailed assessment of 

the HbA1c–GMI relationship for Medtronic Guardian-3 and Guardian-4 sensors across 

a wide range of HbA1c values. In this regard, these types of CGM systems are widely 

used, also as part of an advanced hybrid closed-loop system, MiniMed 780G (66, 114), 

without detailed investigation of all aspects of their precision and accuracy. Both types 

of analysis, the McNemar tests (96) for the proportion of patients with clinically 

relevant glycaemic gaps (absolute value ≥ 0.5%)(21) and the Bland-Altman analyses 
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(91, 92), confirmed improved HbA1c prediction with the device-specific GMI equations 

versus the original GMI equation. This confirms the robustness of our findings.  

Our study has further strengths that must be acknowledged. Participants had high 

adherence to sensor use (mean adherence: 88 % of time). For a given HbA1c, the CGM 

data collection period was relatively long (60 days, corresponding to the use of ~8.5 sets 

of sensors). Almost two-thirds of participants had a second HbA1c-GMI pair, which 

improved precision. The narrow CIs around our estimates suggest proper statistical 

power. We thoroughly screened for common co-morbidities and conditions known to 

influence HbA1c (Table 1), and patients with such conditions were excluded, limiting 

the effect of external factors. Participants had a wide range of HbA1c and formed a 

demographically heterogeneous group, representing the patient population of an adult 

tertiary outpatient diabetes centre in Hungary, giving good external validity to similar 

populations. 

Our study has important limitations. Among them are the relatively small number of 

cases, the single-centre design, and the ethnically homogeneous patient population. 

These limitations clearly demand external validation of our findings. The number of 

patients with markedly elevated HbA1c values is especially limited; i.e., in Study-2, 

only 5 patients had an HbA1c value ≥ 9.5%. Our results need validation in a cohort that 

includes more patients with such high HbA1c values. 

Although exclusions related to concurrent medications were based on electronic health 

records, participants could have taken over-the-counter preparations (e.g., high-dose 

vitamin C, paracetamol) that could affect sensor reliability. Furthermore, the Guardian-3 

sensor requires twice daily calibration, potentially leading to bias. Although all patients 

received education on proper self-monitoring of blood glucose and calibration 

techniques, we cannot exclude the potential for incorrect blood glucose measurements 

or calibration habits leading to discrepancies between sensor data and HbA1c. Finally, 

we cannot rule out analytical error in HbA1c determination. However, HPLC is a gold 

standard method and our device is regularly calibrated to IFCC standards. (93) 
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6. Conclusions 

HbA1c is still the gold standard long-term glycaemic metric. However, the importance 

of CGM-derived glycaemic metrics is increasing. Despite its limitations, we think that 

an estimate of HbA1c based on CGM-derived mean glucose, i.e., the GMI, is a helpful 

tool for patients, caregivers, healthcare professionals, and researchers. It should be used 

along with laboratory-measured HbA1c and other standard CGM metrics. 

However, GMI’s determination should be accurate. We clearly showed that device-

specific equations improved the accuracy of HbA1c estimation based on Medtronic 

Guardian-3 and Guardian-4 CGM devices. Furthermore, device-specific HbA1c 

estimates reduced the frequency of clinically significant over- and underestimation of 

HbA1c, potentially leading to better clinical care. (93) We propose the use of our 

device-specific GMI equations among Guardian-3 and Guardian-4 users in routine 

clinical care.  

We believe that the lack of proper standardisation of CGM devices is the primary reason 

for device-specific biases in GMI determination. Therefore, better standardisation of 

CGM devices is necessary. Until a high degree of standardisation is achieved, we 

propose validating the original GMI equation for all types of CGM systems and 

establishing device-specific equations if validation fails. Our results need external 

validation. Further studies are needed with other CGM systems to determine the 

performance of the original versus the device-specific GMI equations. 
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7. Summary 

HbA1c is the gold-standard long-term glycaemic metric (7-9, 11, 12, 17, 23); however, 

the importance of CGM-derived glycaemic metrics is increasing. The glucose 

management indicator is a standard CGM metric that estimates HbA1c from the CGM-

derived mean glucose value (42). It is a helpful tool for patients, caregivers, healthcare 

professionals, and researchers. Given the lack of standardisation of CGM systems (83, 

86-88), the currently used GMI equation, developed with Dexcom G4 and G5 sensors, 

may underperform for other CGM systems. Thus, we conducted a study aiming to 

develop and test device-specific GMI for the Medtronic Guardian-3 and Guardian-4 

sensors. In two single-centre, observational studies of adult type 1 diabetes patients 

using Guardian-3 and Guardian-4 CGM devices, we estimated HbA1c using CGM-

derived mean glucose for both CGMs using generalised estimating equations. We 

compared the estimates and their residuals (Guardian-3 gap and Guardian-4 gap to the 

original GMI and its residuals (Bergenstal-gap) using regression and Bland-Altman 

plots. We included 201 adult type 1 diabetes patients and 365 (149 with Guardian-3 and 

216 with Guardian-4) measurement points. We found that for Guardian-3 and Guardian-

4 sensors, GMI significantly underestimated glycaemia in high HbA1c ranges, reaching 

the clinically significant 0.5%(5.5 mmol/mol) difference at an HbA1c of 7.6%(60 

mmol/mol) for Guardian-3 and 8.0%(64 mmol/mol) for Guardian-4 sensors. Our 

device-specific GMIs reach this level of inaccuracy at an HbA1c >9%(75 mmol/mol) 

for Guardian-3 and at an HbA1c >9.3%(78 mmol/mol) for Guardian-4 sensors. This 

inaccuracy could potentially lead to undertreatment of patients with moderately elevated 

HbA1c values when the original GMI equation is used, while this risk is much smaller 

with the device-specific equation. Furthermore, we found that the proportion of patients 

with clinically significant GMI-gaps (absolute value ≥0.5% [≥5.5 mmol/mol]) was 

reduced with the use of the device-specific vs the original GMI equation.  

We concluded that device-specific GMI equations could reduce the risk of clinically 

significant under- and overestimation of HbA1c, improving clinical decision-making. 

Our study also underscores the need for better CGM standardisation.  
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