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Abstract

Accurate measurements of glycaemic control and the underpinning regulatory mechanisms
are vital in human physiology research. Glycaemic control is the maintenance of blood
glucose concentrations within optimal levels and is governed by physiological variables
including insulin sensitivity, glucose tolerance and 3-cell function. These can be measured
with a plethora of methods, all with their own benefits and limitations. Deciding on the best
method to use is challenging and depends on the specific research question(s). This review
therefore discusses the theory and procedure, validity and reliability and any special
considerations of a range common methods used to measure glycaemic control, insulin
sensitivity, glucose tolerance and B-cell function. Methods reviewed include, HbA1c,
continuous glucose monitors, oral glucose tolerance tests, mixed meal tolerance tests,
hyperinsulinaemic euglycaemic clamp, hyperglycaemic clamp, intravenous glucose
tolerance test, and indices derived from both fasting concentrations and the oral glucose
tolerance test. This review aims to help direct understanding, assessment, and decisions
regarding which method to use based on specific physiology related research questions.

Introduction

Glycaemic control is the maintenance of blood glucose concentrations within optimal levels
and measurements of glycaemic control are typically used within clinical environments for
diagnostic purposes (Perimuter et al., 2008). Maintaining glycaemic control within optimal
levels helps reduce the risk of secondary complications, making it an important clinical
measure (Perimuter et al., 2008). It can be measured from glycosylated haemoglobin
(HbA1c), continuous glucose monitors (CGMs), finger-prick blood glucose monitoring, oral
glucose tolerance tests and mixed meal tolerance tests (American Diabetes Association
Professional Practice Committee, 2022). Glycaemic control measurements do not, however,
explain the physiology underlying the maintenance of euglycaemia or dysglycaemia.
Physiological factors associated with glycaemic control include, but are not limited to insulin
sensitivity, B-cell function, and glucose tolerance.

Methods to measure glycaemic control, alongside methods to measure the associated
physiology preceding abnormalities in glycaemic control are discussed. This includes
methods to measure insulin sensitivity, glucose tolerance, and B-cell function. This review
will consider the theory and procedure, the validity and reliability and any special
considerations for each of the following methods, HbA1c, continuous glucose monitors, oral
glucose tolerance test, mixed meal tolerance test, hyperinsulinaemic euglycaemic clamp,
hyperglycaemic clamp, intravenous glucose tolerance test, and indices derived from both
fasting concentrations and the oral glucose tolerance test.

Methods to Measure Glycaemic Control
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Glycaemic control, the maintenance of optimal blood glucose levels, is typically measured by
HbA1c, regular blood glucose sampling, continuous glucose monitors, oral glucose tolerance
tests (OGTT) or mixed meal tolerance tests.

1. HbA1c
a. Theory and procedure

HbA1c is often used as a measurement in clinical environments for diagnosis and prognosis,
and has previously been reviewed in detail for clinical populations (American Diabetes
Association Professional Practice Committee, 2022). In research, it can be useful for
measuring treatment effects, trends over time, in epidemiological studies or for comparison
between different populations (Nathan et al., 2007). HbA1c is thought to be the gold
standard for measuring glycaemic control and assessing outcomes in diabetes
(Chehregosha et al., 2019). Haemoglobin has a 120-day lifespan and glycated haemoglobin
(HbA1c) occurs due to the irreversible binding of glucose to haemoglobin (Nathan et al.,
2007). Measurements of HbA1c therefore reflect mean blood glucose concentrations for the
8-12 weeks prior (Nathan et al., 2007). HbA1c can be measured from a single blood sample
via an assay (American Diabetes Association Professional Practice Committee, 2022).

b. Validity and Reliability

The logical validity of HbA1c is high as the irreversible binding of glucose to haemoglobin
allows HbA1c to act as a cumulative measure of blood glucose concentration for the
preceding 8-12 weeks (Chehregosha et al., 2019). Due to the representation of mean blood
glucose concentration over the period, variability is reduced in comparison to fasting plasma
glucose (Owora, 2018). At the current diagnosis threshold for type 2 diabetes (26.5%, 48
mmol/mol), HbA1c has shown poorer sensitivity and higher specificity for discriminating type
2 diabetes for individuals previously undiagnosed, with 60% of individuals remaining
undiagnosed when compared with oral glucose tolerance test diagnosis (Kaur et al., 2020;
Pajunen et al., 2011). HbA1c has shown to be a strong predictor of outcomes when
measured close to diagnosis (Laiteerapong et al., 2019). Evidence suggests HbA1c has
poor reproducibility (intraclass correlation coefficient = 0.35) in normoglycaemic individuals
(Simon et al., 1999).

c. Special considerations

HbA1c cannot measure glycaemic variability or acute glycaemic events which often correlate
with symptoms from diabetes (American Diabetes Association Professional Practice
Committee, 2022). The accuracy of the HbA1c measurement depends on the accuracy of
the assay used, with a number of assays certified (American Diabetes Association
Professional Practice Committee, 2022). Consideration needs to be taken for individuals that
might be anaemic and other diseases associated with a loss of erythrocytes or an inability of
haemoglobin to bind to glucose (American Diabetes Association Professional Practice
Committee, 2022). Differences in the mean age of red blood cells contributes to variability
between HbA1c measures (Cohen et al., 2008). HbA1c is also known to increase with age in
normoglycaemia and differ between ethnic populations, and therefore comparison between
different age groups and ethnic populations requires additional consideration (Owora, 2018).

2. Continuous glucose monitoring
a. Theory and procedure
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Continuous glucose monitors (CGMs), as shown in figure 1, measure glucose
concentrations from interstitial fluid using electro-chemical technology to assess glycaemic
control (Davison et al., 2022). CGMs allow “free-living” glycaemia to be recorded throughout
the day and night (Lee et al., 2021). Measurements are recorded every 1-15 minutes and
are stored immediately on the receiver or mobile application for later extraction and
processing (Bergenstal, 2018). In addition to mean glucose, calculations can also be carried
out to provide additional insight on overall glycaemic control, such as glycaemic variability
and the amplitude of glycaemic variability, the J-Index (based on mean and SD of all glucose
values), glucose management indicator (GMI) and time in range (3.9 — 10 mmol/L (70-180
mg/d)) (Bergenstal, 2018).

Figure 1 — A continuous glucose monitor used within a research setting. The CGM is

fitted to a participant on the lateral abdomen or posterior upper arm. Recordings are stored

on the receiver device. Once the research period concludes, the data are exported from the
receiver for collation in excel or similar.

b. Validity and reliability

The logical validity of CGMs for measuring glycaemic control is high with blood glucose
concentration measured at regular intervals. Glucose measurements are, however, sampled
from interstitial fluid, which results in a physiological delay versus circulatory glucose
concentrations (Sinha et al., 2017). Average lag time is reported as 5-6 minutes in healthy
adults but has decreased in newer models with lag times as low as ~2 minutes (Alva et al.,
2023; Sinha et al., 2017).

CGMs in normoglycaemic individuals show agreement with venous samples but accuracy of
calculated measures of glycaemia and glycaemic variability deviated significantly,
overestimating glycaemia during the day and underestimating glycaemic variability (Akintola
et al., 2015). Accuracy of CGMs is acceptable for non-critically ill and critically ill inpatients,
paediatric (4-5 year olds) and adults with type 1 and type 2 diabetes, with accuracy highest
when glycaemic control is stable (Alva et al., 2023; Finn et al., 2023; Lindner et al., 2021). A
recent meta-analysis, however, found poor accuracy for hypoglycaemia detection and
therefore care should be taken when used in research where the detection of hypoglycaemia
is important (Lindner et al., 2021). For measures of overall glycaemic control, an average of
blood glucose concentration >26 days from CGMs has shown to correlate best with HbA1c
(Tozzo et al., 2024).

Bland-Altman analyses have shown CGMs underestimate the postprandial rise in glucose
concentration for healthy individuals but overestimate plasma glucose during steady state
exercise, specifically in women (Barua et al., 2022; Herrington et al., 2012). For accurate
measurements of blood glucose concentration under these conditions, finger prick blood
sampling may be superior. In a comparison of two of the most popular CGM brands, Abbott
and Dexcom, within person and between sensor variation was high in individuals with type 2
diabetes over a 3 month period, suggesting poor long term reliability (Selvin et al., 2023).
This may be due to biological variation and differences in sensor technology (Selvin et al.,
2023). Inter-day variations are also poor for normoglycaemic, prediabetes and diabetes
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(Matabuena et al., 2023). Individuals with type 2 diabetes show least variation, thought to be
due to poor adaption to functional changes (Matabuena et al., 2023). Further research is
required on the reproducibility of CGMs.

c. Special Considerations

CGMs are useful for therapeutic use, determining the effect of an intervention on glycaemic
control and are less invasive than regular finger prick blood samples. In research, it is
recommended to calibrate CGMs with finger prick samples. Fitting requires a brief ~10-
minute visit to a lab and participant burden is relatively low. Participants are often required to
wear the CGM for a long period (typically, 24hrs-2weeks) to provide an accurate
representation of glycaemic control and this therefore increases participant burden.

Medications and supplements, such as acetaminophen (paracetamol) and ascorbic acid
(vitamin C), can interfere with the electrochemistry of CGMs and therefore must be
controlled for appropriately (Heinemann, 2022). Cost and lifespan vary between brands, but
systems typically require a sensor, transmitter and receiving device (or app).

Investigations into the impact of visceral adiposity on the accuracy of CGM readings is
limited but no association was observed between participant characteristics (body mass
index (BMI), sex, and mean age) and pooled sensitivity and specificity in a meta-analysis
(Lindner et al., 2021). No differences were also found between body composition or the
location of sensor insertion (arm vs abdomen) on device accuracy (Abraham et al., 2023;
Steineck et al., 2019).

3. Oral Glucose Tolerance Test
a. Theory and Procedure

An oral glucose tolerance test (OGTT), as shown in figure 2, assesses an individual’s ability
to process a large glucose load (Jagannathan et al., 2020). OGTTs are clinically used to
diagnose glucose intolerance, or in research settings to assess glucose handling, insulin
sensitivity and B-cell function, both typically estimated from indices (Hannon et al., 2018;
Muniyappa et al., 2008). Following an overnight fast, for a standard clinical OGTT,
participants consume a glucose load (75g dextrose in 300ml water) with blood samples
taken every 30 minutes for the subsequent 2hrs (Stumvoll et al., 2000). Variations of the test
during research, however, include different glucose doses (50-100g), different sampling
periods and administration methods (Jagannathan et al., 2020). Blood glucose
concentrations can be analysed immediately or processed and stored for analysis along with
insulin at a later date, typically via an enzyme-linked immunosorbent assay (ELISA) or
radioimmunoassay (Matsuda & DeFronzo, 1999). Glucose and insulin concentrations can be
plot at each time point, producing a curve to further understand an individual’s glycaemic
control, glucose tolerance and insulin sensitivity (Jagannathan et al., 2020).

Figure 2 — A summary of an oral glucose tolerance test (OGTT) or a mixed meal
tolerance test (MMTT). The participant is seated in a comfortable semi-supine position, with
their hand placed in a heated box. After 15 minutes, a retrograde cannula is placed in the
dorsal surface of their hand and a fasting blood sample is taken. The participant then
consumes a glucose load (75g dextrose in 300ml water) for an OGTT or a standardised
meal for a MMTT and blood samples are taken regularly. From each of these samples,
glucose is usually measured immediately, with plasma and serum extracted for later



211 determination of insulin and any other analytes. A response curve is plot with the

212 concentration at each time point.
213
214 b. Validity and Reliability

215 The OGTT activates a physiological response to a glycaemic load. This is more

216  representative of continuously changing glycaemia and the negative feedback mechanisms
217  between glucose and insulin postprandially (Otten et al., 2014). Time to peak glucose

218  represents the ability of B-cells to secrete sufficient insulin quickly whereas 2hr glucose
219  concentrations represent insulin action on glucose uptake to return to basal (Chung et al.,
220 2017). Development of changes to postprandial glycaemic control typically occur prior to
221  changes in fasting blood glucose concentration (Jagannathan et al., 2020). The OGTT can
222  therefore detect dysglycaemia more effectively than fasting measures (Jagannathan et al.,
223  2020). Direct measures of an individual’s glucose tolerance and glycaemic control can be
224  made but whole body insulin sensitivity has to be estimated via insulin sensitivity indices
225  (Otten et al., 2014).

226 The OGTT can effectively differentiate between impaired glucose tolerance, diabetes, and
227  normal glucose tolerance when 2hr post glucose values are compared and therefore

228 indicates good construct validity (Bartoli et al., 2011). Test-retest reliability can be poor,
229  particularly in individuals with impaired glucose metabolism (Gordon et al., 2011; Ko et al.,
230  1998). Reproducibility can be improved by following standardised protocols, and ensuring
231 careful handling and analyses of samples (Ko et al., 1998). Potential intra- and

232  interindividual variability in OGTTs can be dictated by glucose absorption and the incretin
233  response and therefore reproducibility needs to be considered (Hucking et al., 2008).

234 c. Special Considerations

235 The OGTT is less invasive, time consuming, and complex, reducing participant burden and
236 increasing simplicity compared to glycaemic clamp methodologies and intravenous glucose
237  tolerance tests (IVGTTs), discussed below. Glucose tolerance is tested under relatively

238  comparable real world physiological conditions. This allows for measurement of dynamic
239 changes in glucose and insulin concentrations (Hicking et al., 2008). Any samples obtained
240  for analysis at a later date should be stored at ~<-80°C to prevent degradation of analytes
241  (Kong et al., 2017).

242  OGTT methodologies differ, especially between those used in clinical and research settings.
243  Evidence on the differences between using arterialised venous vs venous blood sampling to
244  measure metabolites has been documented (Edinburgh et al., 2017). To allow for the less
245  invasive collection of arterialised distal blood samples, participants can place their hand in a
246  heated box (~41°C (Tam et al., 2012) ~ 15 minutes prior to samples being taken, and

247  between sampling, to allow for arterialisation of the blood via arterial-venous shunting

248  (Brooks et al., 1989). When comparing arterial venous and venous samples, arterial-venous
249  blood samples (achieved by heating the hand to ~37degrees) have been shown to provide
250 metabolite concentrations that are better estimates of arterial samples (Edinburgh et al.,
251 2017).

252  Evidence on the impact of retrograde vs antegrade cannulation on differences in metabolites
253  measured from either arterial-venous or venous blood samples is limited (McNair et al.,

254 1995; Rowe et al., 1994). Retrograde cannulation increases the rates of cannulation failure,
255  is reported to be more painful by participants and when compared, antegrade vs retrograde
256  cannulation did not alter the reproducibility of measurements taken from intravenous glucose
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tests (McNair et al., 1995; Rowe et al., 1994). To allow for comparisons between studies,
essential reporting of the methods used is important but there is still no clear consensus of
the specific method to be adopted. This is likely to depend on the population to be studied,
for example retrograde cannulation is not recommended for children and other vulnerable
populations, and the availability of specialist staff or equipment (Edinburgh et al., 2017).

4. Mixed Meal Tolerance Test
a. Theory and Procedure

A mixed meal tolerance test (MMTT), as shown in figure 2, assesses an individual’s ability to
process a meal (Brodovicz et al., 2011). This method has the greatest ecological validity,
representative of daily life and the physiological processing of glucose. The methodology is
similar to an OGTT, but assesses the impact of proteins and fat alongside glucose on
glycaemic control, B-cell function, glucose tolerance and insulin sensitivity (Brodovicz et al.,
2011). Proteins, fat, and glucose all stimulate the incretin response involved in insulin
secretion (Brodovicz et al., 2011). Differences have therefore been found in the B-cell
function, and insulin and glucose concentrations determined between an OGTT and a mixed
meal tolerance test (Brodovicz et al., 2011). The meal has not been standardised between
studies but typically includes carbohydrates, fat, and protein, evidence of meals are provided
in the following studies (Brodovicz et al., 2011; Rijkelijkhuizen et al., 2009; Shankar et al.,
2016). Samples are taken at regular time points for up to 5 hours (Shankar et al., 2016).

The incremental area under the curve (IAUC) can be calculated to determine c-peptide,
insulin and glucose responses (Kdssler et al., 2021). B-cell function can be estimated from
insulin or often, due to its secretion in equimolar concentration and limited hepatic clearance,
c-peptide (Brodovicz et al., 2011). Indices to measure B-cell function include the
insulinogenic index and the ratio of insulin to glucose AUC (Brodovicz et al., 2011; Shankar
et al., 2016). Insulin sensitivity can be determined from insulin sensitivity indices, such as
Matsuda and OGIS (Brodovicz et al., 2011; Rijkelijkhuizen et al., 2009).

b. Validity and Reliability

A mixed meal tolerance test is the most ecologically valid method for assessing glycaemic
control, the effectiveness of B-cell secretion and estimating insulin sensitivity as it replicates
the daily postprandial response (Brodovicz et al., 2011).

The MMTT is able to discriminate differences in both B-cell function and insulin sensitivity
across the metabolic spectrum from normal glucose tolerance to prediabetes and diabetes
(Shankar et al., 2016). Moderate reproducibility of the mixed meal tolerance test has been
reported, with reproducibility ranging from weak to strong in different populations, with the
test weakly reproducible in individuals with type 2 diabetes (Shankar et al., 2016).
Intraindividual coefficients of variation are comparable when liquid meals differing in
nutritional content were compared (Kossler et al., 2021). Estimates of 3-cell function are
higher in a MMTT than an OGTT, thought to be explained by increased (-cell secretion
during the MMTT (Rijkelijkhuizen et al., 2009).

Equations such as AUC, Matsuda and Stumvoll methodologies, discussed in table 1, can
estimate insulin sensitivity from the MMTT (Rijkelijkhuizen et al., 2009). The correlation
between mixed meal tolerance test and oral glucose tolerance test derived indices is high
(Rijkelijkhuizen et al., 2009). Frequently compared with the OGTT and associated indices,
further research is required on the agreement of the MMTT with the gold standard
hyperinsulinaemic euglycaemic and hyperglycaemic clamps.



303

304
305
306
307
308
309
310
311
312

313

314
315

316
317
318
319

320
321
322
323
324
325
326
327
328
329

330
331
332
333
334
335
336
337
338
339

340
341
342
343
344
345
346
347

c. Special Considerations

The mixed meal tolerance test has similar considerations to the OGTT. The test is less
invasive and easier to perform than the gold standard measures of insulin sensitivity and 8-
cell function, but is less controlled and cannot directly determine insulin sensitivity. A
standardised test meal is not consistently used within research. Some use a liquid meal,
others use a solid meal or a combination of both and the composition of branded nutritional
meals is likely to change over time (Brodovicz et al., 2011; Shankar et al., 2016). The mixed
meal tolerance test typically lasts ~4 hours with samples taken approximately every 30
minutes but can vary (Brodovicz et al., 2011). Evidence on the validity and reliability of the
mixed meal tolerance test in different ethnic groups is limited (Ladwa et al., 2021).

Methods to measure the physiology underpinning glycaemic control.

Impairments in insulin sensitivity, B-cell secretion and glucose tolerance occur significantly
earlier than changes in glycaemic control (Kahn et al., 2014). Therefore, effective
measurements of factors underpinning glycaemic control is important in physiology research
for the understanding, prevention, and intervention of associated diseases.

Insulin sensitivity is the effective metabolic action of the hormone insulin (Katz et al., 2000).
The more insulin sensitive an individual is, the more effective their body is at physiologically
disposing of glucose into tissue (Bird & Hawley, 2017). In clinical populations, impaired
insulin sensitivity contributes to abnormal glycaemic control due to reduced whole body
glucose uptake (Bird & Hawley, 2017). Insulin sensitivity can be measured directly by the
hyperinsulinaemic euglycaemic clamp, which is the gold standard for measuring tissue
insulin sensitivity (DeFronzo et al., 1979). Insulin sensitivity can also be estimated from the
hyperglycaemic clamp, minimal model of the intravenous glucose tolerance test, insulin
sensitivity indices calculated from the oral glucose tolerance test, mixed meal tolerance test,
and fasting glucose and insulin concentrations.

Glucose tolerance is the ability to return to euglycaemic concentrations after a perturbation
(Ahrén, 2013). Impaired glucose tolerance, due to poor glucose disposal, can result in blood
glucose concentrations remaining outside of euglycaemic levels for a prolonged period of
time and this can contribute to abnormal glycaemic control observed in pre-diabetes (Ahrén,
2013). Glucose tolerance can be measured from an intravenous glucose tolerance test
(IVGTT), an oral glucose tolerance test (OGTT) or a mixed meal tolerance test (MMTT).
Glucose tolerance tests, typically the OGTT, can be used for diagnosis of type 2 diabetes in
clinical settings. Within research, these methods can be used to understand glucose
tolerance directly and other factors indirectly, such as insulin sensitivity (Muniyappa et al.,
2008).

B-cell function results from B-cell sensitivity to glucose, insulin secretion, and the effects of
incretin hormones, requiring B-cells to effectively produce, store and secrete insulin to
ensure euglycaemia is maintained (Hannon et al., 2018). Impairments in 3-cell function
reduce the effectiveness of insulin secretion resulting in hyperglycaemia. The
hyperglycaemic clamp is the gold standard for the assessment of 3-cell sensitivity to glucose
(Hannon et al., 2018). The OGTT, IVGTT, and MMTT can also be used to assess p-cell
function (Hannon et al., 2018). Alongside an assessment of 3-cell function, a measure of
insulin sensitivity needs to be incorporated to account for the hyperbolic relationship



348  between insulin sensitivity and B-cell secretion (Hannon et al., 2018; Kahn, 2003). Both 3-
349  cell dysfunction and decreased insulin sensitivity precede hyperglycaemia which can be
350 measured from glycaemic control methods (Kahn, 2003).

351
352 1. Hyperinsulinaemic Euglycaemic Clamp
353 a. Theory and Procedure

354  Hyperinsulinaemic euglycaemic clamps, as shown in figure 3, are the gold standard for

355  estimating tissue insulin sensitivity and are reviewed extensively elsewhere (DeFronzo et al.,
356  1979; Heise et al., 2016; Uwaifo et al., 2002). In brief, the hyperinsulinaemic euglycaemic
357  clamp involves the infusion of insulin to increase and maintain high plasma insulin

358 concentrations, traditionally ~100 mIU/ml (DeFronzo et al., 1979). To reach the desired

359  hyperinsulinaemic concentrations, a priming dose acutely raises plasma insulin

360 concentrations (Picchini et al., 2005). Glucose concentration is held at basal levels (4-

361  6mmol/L (Davison et al., 2022)) by an additional variable glucose infusion, preventing

362  hypoglycaemia (DeFronzo et al., 1979). The high insulin concentration aims to completely
363  suppress hepatic glucose production so the only glucose available is from the exogenous
364  supply. The glucose infusion rate required to maintain basal glucose concentrations is

365 therefore representative of glucose disposal into tissue (DeFronzo et al., 1979). To estimate
366 insulin sensitivity, the glucose disposal rate is typically normalised by body weight or fat-free
367 mass (Muniyappa et al., 2008).

368  The hyperinsulinaemic euglycaemic clamp can also be performed at different insulin doses
369 in a single test (Sowell et al., 2003). The insulin infusion starts at the lowest dose and then
370 increases to a higher dose at a specific time point (Sowell et al., 2003). A lower insulin

371  infusion dose helps to determine insulin sensitivity whereas a higher insulin infusion dose
372  can be useful to determine the maximal responsiveness of an individual to insulin (Sowell et
373  al., 2003).

374
375 Figure 3 — Hyperinsulinaemic euglycaemic clamp. A participant is seated in a semi-

376 supine position and their hand is placed in a heated box (~41°C (Tam et al., 2012)). On the
377 opposite arm, insulin is infused at a high concentration along with glucose at a variable rate

378 to maintain a stable glucose concentration (and a stable isotope if glucose uptake is to be
379 traced). A cannula is inserted into a peripheral wrist vein and the lower arm is placed in a
380 heated box (if arterialised samples are required) and frequent blood samples are taken every
381 2-5 mins. The glucose concentration is analysed immediately to inform glucose infusion
382 adjustments. Insulin concentrations can be later determined.

383

384 b. Validity and Reliability

385  The logical validity of this test is high as long as hepatic glucose production is sufficiently
386  supressed by the continuous high dose insulin infusion (Tam et al., 2012). The variable
387  glucose infusion rate to maintain basal concentrations therefore represents glucose uptake
388  and utilisation reflective of insulin sensitivity (Tam et al., 2012). Hyperinsulinaemic

389  euglycaemic clamps create highly standardised environments where differences in

390 individuals can be detected with the highest sensitivity rather than replicating real-life
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physiological conditions. This, however, results in limited ecological validity (Heise et al.,
2016; Hucking et al., 2008).

The hyperinsulinaemic euglycaemic clamp can successfully differentiate between
normoglycaemic and individuals with diabetes and definitions of cut-off points for insulin
resistance are previously described (Tam et al., 2012). The clamp has also shown to
differentiate between obese and non-obese individuals, independent of age, indicated by
reduced glucose infusion rates (Karakelides et al., 2010).

The clamp is repeatable over both a shorter (3-4 weeks) and longer (~2.30 year) period in
healthy adults (DeFronzo et al., 1979; James et al., 2020). Based on methods suggested by
Bland and Altman, the intraindividual differences lay within the 95% limits of agreement and
were smaller than the repeatability coefficient (£0.025), confirming the reproducibility of the
test over the longer period (James et al., 2020).

2. Hyperglycaemic Clamp
a. Theory and Procedure

Hyperglycaemic clamps, as shown in figure 4, are the gold standard method for estimating
the function of B-cells (DeFronzo et al., 1979; Elahi, 1996; Uwaifo et al., 2002). Estimations
of insulin sensitivity, glucose effectiveness and insulin clearance can also be made (Uwaifo
et al., 2002). Participants are infused with a variable glucose concentration to maintain high
plasma glucose concentrations (typically > ~6.9mmol/l (125mg/dl)) (DeFronzo et al., 1979).
The aim of the high plasma glucose concentration is to activate insulin secretion which
allows B-cell function to be assessed (DeFronzo et al., 1979).
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In individuals with impaired glucose tolerance and decreased insulin sensitivity, impairments
of insulin secretion in the first phase response can be detected in the early stages of the
disease (Hannon et al., 2018). The hyperglycaemic clamp allows independent assessment
of first and second phase insulin secretion to give a better understanding of the underlying
physiology (DeFronzo et al., 1979). Tissue insulin sensitivity can also be estimated from the
hyperglycaemic clamp, using the ratio of glucose metabolism to plasma insulin concentration
or insulin sensitivity indices for example (DeFronzo et al., 1979; Elahi, 1996; Mitrakou et al.,
1992).

Figure 4 — Hyperglycaemic clamp. A participant is seated in a semi-supine position and
their hand is placed in a heated box (~41°C (Tam et al., 2012)). On the opposite arm, for a
hyperglycaemic clamp, glucose is intravenously infused to maintain high glucose
concentrations (along with a stable isotope if glucose uptake is to be traced). A cannula is
inserted into a peripheral wrist vein and the lower arm is placed in a heated box (if
arterialised samples are required) and frequent blood samples are taken every 2-5 mins.
The glucose concentration is analysed immediately to inform glucose infusion adjustments.
Insulin concentrations can be later determined.

b. Validity and Reliability

Hyperglycaemic clamps have high logical validity, aiming to stimulate and maintain a 3-cell
response by infusing a high concentration of glucose throughout the test (DeFronzo et al.,
1979; Meneilly & Elliott, 1998). When the same hyperglycaemic concentration is maintained,
B-cell responses can be compared between populations (DeFronzo et al., 1979; Meneilly &
Elliott, 1998). The hyperglycaemic clamp has limited ecological validity due to the
supraphysiological levels of glucose infused over a long period that do not represent daily
life (Hucking et al., 2008).

The hyperglycaemic clamp can accurately and reliably differentiate measures of 3-cell
function, insulin sensitivity and insulin clearance between individuals at different stages of
the pathophysiological progression from normal glucose tolerance to impaired glucose
tolerance and type 2 diabetes, along with youth and adult populations, and at a range of
obesity (Hannon et al., 2018; Mather et al., 2021; Meneilly & Elliott, 1998). Test-retest
reliability was high over a 3-4 week period (DeFronzo et al., 1979).

Estimations of insulin sensitivity from the hyperglycaemic clamp have shown to correlate
with direct measures of tissue sensitivity from the gold standard hyperinsulinaemic
euglycaemic clamp (DeFronzo et al., 1979; Mitrakou et al., 1992). In children, the two
clamps were significantly correlated for measures of insulin sensitivity but assumptions
regarding equivalence could not be made (Uwaifo et al., 2002).

c. Special Considerations of Glycaemic Clamps

Despite glycaemic clamps being the gold standard method, the complexity of the methods,
the availability of equipment, clinically trained staff support, and the cost of equipment make
the methods logistically and practically challenging. Glycaemic clamps have a high
participant burden due to the invasive nature, period of fasting prior (~12hrs) and time taken
for the test to be carried out (=3hrs) (DeFronzo et al., 1979; Tam et al., 2012). This makes
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them challenging to use in vulnerable or high-risk populations including children and
adolescents and are never used for clinical purposes, only research.

Careful consideration needs to be taken to determine the concentration and speed of
infusate so that blood insulin and glucose levels do not significantly increase or decrease to
harmful concentrations (DeFronzo et al., 1979). In hyperinsulinaemic euglycaemic clamps,
isotopic or radioactive tracers can be used to monitor the level of hepatic glucose production
to ensure endogenous glucose production is completely suppressed (Heise et al., 2016).
Mathematical methods to determine the contribution of endogenous glucose to glucose
uptake by using tracers are discussed elsewhere (Finegood et al., 1987). Specific tracers
can also provide additional evidence during clamps on metabolic pathways and the
metabolic fate of a range of molecules, including glucose, fat, and protein metabolism (Brook
& Wilkinson, 2020).

The aim of clamp methodologies is to create highly standardised environments where
differences in individuals can be detected with the highest sensitivity rather than replicating
real-life physiological conditions (Heise et al., 2016). The clamp therefore does not take into
consideration the dynamic relationship between insulin and glucose under normal
physiological conditions (Heise et al., 2016).

Hyperinsulinaemic euglycaemic and hyperglycaemic clamps are the most common
examples of glycaemic clamps but other clamps are available to investigate different
research questions, including hyperinsulinaemic-hypoglycaemic clamps, isoglycaemic
clamps, and hyperinsulinaemic-hyperglycaemic clamps, among others (Fabricius et al.,
2021; MacLaren et al., 2011).

3. Intravenous glucose tolerance test
a. Theory and Procedure

The intravenous glucose tolerance test (IVGTT), as shown in figure 5, allows glucose
tolerance, B-cell function, and insulin sensitivity to be estimated from a singular test
(Bergman, 2021; Bergman et al., 1979; Godsland et al., 2024). An IVGTT involves an
intravenous glucose dose, typically 0.3, 0.5 or 1g per kg of body weight as a 20 - 50%
glucose solution, injected over 1-3 minutes (Ahrén, 2013; Godsland et al., 2024). Both
glucose and insulin plasma concentrations are sampled frequently post-infusion (typically, -
10minutes, -1minute, then for the first 30 minutes at 2-5minute intervals, 30-60minutes at 5-
10minute intervals, and > 60minutes at 30minute intervals (Ahrén, 2013; Bergman, 2021)).
The test directly measures glucose tolerance, which is how effectively an individual
processes the glucose infusion to return to fasting concentrations (Bergman et al., 1979).

-cell secretion can be estimated from the 10-minute period post glucose infusion (acute
insulin response to glucose (AIRg)) (Godsland et al., 2024). C-peptide concentrations can
also be measured to understand (-cell secretion during an IVGTT (Hannon et al., 2018). C-
peptide is secreted in equimolar concentrations to insulin but is not degraded by hepatic
systems and can therefore reflect a more accurate measure of insulin secretion rates
(Hannon et al., 2018).

Insulin sensitivity can be estimated from the IVGTT (Bergman, 2021; Bergman et al., 1979).
The minimal model is most commonly used, which estimates both glucose effectiveness
(glucose kinetics at fasting insulin concentrations) and insulin sensitivity (the role of insulin
on glucose kinetics) (Bergman, 2021; Bergman et al., 1979). The theory behind the minimal
model links together the negative feedback loop of glucose and insulin into two separate
subsystems, with insulin concentration as the input and glucose concentration as the output
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(Bergman et al., 1979). The modified IVGTT includes an infusion of, most commonly insulin
but also tolbutamide, 20 minutes post glucose injection to accurately measure insulin
sensitivity in individuals with impaired insulin secretion (Bergman, 2021).

Figure 5 — A summary of an intravenous glucose tolerance test (IGVTT). The participant
is seated in a comfortable semi-supine position, with their hand placed in a heated box. After
15 minutes, a retrograde cannula is placed in a peripheral wrist vein and a fasting blood
sample is taken. The participant is then injected with a glucose load and blood samples are
taken at regular intervals; a tracer can also be injected at this time point. For a modified
IVGTT, an insulin dose is injected 20 minutes after the glucose load. From each of these
samples, glucose is usually measured immediately, with plasma and serum extracted for
later determination of insulin and any other analytes. The minimal model can then be used to
estimate insulin sensitivity from the insulin and glucose concentrations.

b. Validity and Reliability

The logic behind the IVGTT is valid as a measured dose of glucose is infused with an
assessment of how the individual responds to the perturbation (Bergman, 2021). Glucose
tolerance is determined from the time taken to respond to the glucose load and return to
euglycaemia. B-cell function can be determined from the acute first phase insulin (or c-
peptide) response as the glucose load stimulates B-cell secretion. The minimal model can
estimate insulin sensitivity from the IVGTT.

AIRg determined from the IVGTT and hyperglycaemic clamp were found to correlate
significantly in healthy individuals (p<0.005, r =.75) (Hansen et al., 2020; Korytkowski et al.,
1995). However, using AIRg as a measure of B-cell function in individuals with
hyperglycaemia is limited due to dysfunction in the acute insulin response (Hansen et al.,
2020; Korytkowski et al., 1995). Interindividual variation is high for normoglycaemic
individuals, metabolic syndrome and type 2 diabetes (Bardet et al., 1989; Hansen et al.,
2020). Test-retest reliability is high determined from IVGTTs carried out 9 months apart
(Bardet et al., 1989).

When estimating insulin sensitivity using the minimal model, the test discriminated
decreasing insulin sensitivity associated with increasing BMI (Bergman et al., 1987).
However, the test poorly correlated with insulin sensitivity for individuals with type 2 diabetes
(r=0.3, p=0.085), with only ~50% of insulin sensitivity estimations definitive (Saad et al.,
1994). Evidence suggests the simplicity of the minimal model underestimates insulin
sensitivity, and overestimates glucose effectiveness (Saad et al., 1994). Insulin sensitivity
values indistinguishable from zero contribute to underestimations, particularly in individuals
with diabetes and allowing negative insulin sensitivity values has been suggested (Ni et al.,
1997). A two-compartment minimal model involving a tracer, has also been suggested to
increase accuracy (Toffolo & Cobelli, 2003). The minimal model as a measure of insulin
sensitivity has found to be reproducible 3 weeks apart in normoglycaemic young males
(Ferrari et al., 1991).

c. Special considerations

The IVGTT is simpler to perform than the gold standard hyperinsulinaemic euglycaemic
clamp but is still highly invasive with a high participant burden. Although the method can be
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used on vulnerable populations such as women during pregnancy and children, the test can
be challenging with mild adverse events (Skajaa et al., 2020; Tompkins et al., 2010). Indeed,
modifications to the protocol may increase safety and comfort. IVGTTs have previously been
used in large epidemiological studies, such as the Insulin Resistance Atherosclerosis Study
(IRAS), but require large capacity, funding and expertise to be carried out (Muniyappa et al.,
2008). Although the insulin sensitivity of individuals of different ethnicities has been
compared using the IVGTT (Ellis et al., 2012), evidence on the reliability of using the IVGTT
in different ethnic populations is limited.

To measure only the impact of insulin on glucose disposal, particularly for insulin sensitivity,
stable isotopes can be intravenously injected to improve the precision of the model (Toffolo

& Cobelli, 2003). The use of labelled isotopes also allows for a two compartment rather than
a one compartment model to estimate insulin sensitivity (Toffolo & Cobelli, 2003).

Insulin sensitivity must be measured and taken into account to accurately measure 3-cell
function, this is due to the tight relationship between insulin secretion and insulin action
(Hannon et al., 2018). The disposition index, discussed in detail elsewhere, describes the {3-
cell sensitivity-secretion relationship (Bergman et al., 2002).

4. Oral Glucose Tolerance Test Derived Indices
a. Theory and Procedure

Both insulin release and insulin sensitivity are interdependent and provide useful information
on glucose homeostasis. Insulin sensitivity cannot be directly determined from the glucose
and insulin concentrations of an OGTT (Stumvoll et al., 2000). Table 1 highlights some of the
indices which assess insulin sensitivity from concentrations measured during the OGTT.

Table 1- A summary of OGTT derived Indices.



Indices

Matsuda
(Matsuda & DeFronzo,
1999)

Equation

10000

J(Glucose(Omin)xlnsulin(Omin))x(Glucose(mean)xlnsulin(mean))

Eggférﬁémq & Wibell Glucosellz%ad(mg) + (Glucose(omin)—Glucose(120min)) x 1.15 x 180 x 0.19 x%ﬁlass
1990) - Glucose(mean)

log(Insulin(mean))
Gutt Body mass

(Gutt et al., 2000)

Glucose load (mg) + (Glucose(0Omin) — Glucose(120min)) x 0.19 x
Glucose(mean(0,120min))
log(Insulin(mean(0, 120min))

120

Stumvoll ISI
(Stumvoll et al., 2000)

0.157 — 4.576 x 10~ °x Insulin(120min)-0.00519 x Glucose(90min)-0.000299 x Insulin(0min)

Stumvoll ISI*
(Stumvoll et al., 2000)

k
0.226-0.0032 x BMI (m_gz) -0.0000645 x Insulin(120min)-0.00375 x Glucose(90min)

OGIS
(Mari, Pacini, et al., 2001)

A complex computation including the following variables glucose concentration (0, 90, 120 min), insulin
concentration (0, 90min), glucose dose (g), body mass and height. The calculation can be programmed on a
spreadsheet or online (Mari, Trainito, et al., 2001).
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b. Validity and Reliability

OGTT indices are developed based on the feedback mechanism of insulin and glucose to
allow for an estimation of insulin sensitivity. They typically use both glucose and insulin
concentrations at specific time points during the OGTT, with some indices including
additional variables (Hudak et al., 2021; Otten et al., 2014).

OGTT derived indices have a higher discriminant ratio (1.92 (1.59-2.33)) to determine
metabolic differences than indices derived from fasting concentrations (1.82 (1.51-2.22)) but
poorer reproducibility (Hudak et al., 2021). Matsuda and OGIS both show good agreement,
based on Bland-Altman analysis, and the best correlation with the hyperinsulinaemic
euglycaemic clamp, with OGIS found to have the best test-retest reliability and Matsuda
found to have the worst (Hudak et al., 2021; Leonetti et al., 2004). Evidence within the
literature suggests Cederholm has the poorest correlation with the hyperinsulinaemic
euglycaemic clamp (Hudak et al., 2021; Otten et al., 2014). The increased number of
variables included in the equation could lead to increased variability (Hudak et al., 2021).

c. Special Considerations

The reproducibility of the indices is directly impacted by the reproducibility and quality of the
OGTT carried out and therefore the OGTT should be highly controlled.

Care should be taken when comparing mixed race or mixed sex populations using insulin
sensitivity indices (Pisprasert et al., 2013). For example, estimation using indices has shown
to predict higher insulin resistance for African American populations than European
Americans even though measurements by the hyperinsulinaemic euglycaemic clamp were
similar, likely due to differences in the physiological mechanisms behind insulin sensitivity
that the indices are based on (Pisprasert et al., 2013). Out of the indices discussed in this
review, Matsuda was found to be the most reliable measure of insulin sensitivity in African
Americans (Pisprasert et al., 2013). Matsuda index has also found to be valid measure of
insulin sensitivity in South Asians (Trikudanathan et al., 2013).

The indices use slightly different variables to estimate insulin sensitivity. Matsuda is a simple
equation, utilising both fasting and mean insulin and glucose concentrations to measure
insulin sensitivity but does not consider any demographic factors, such as body mass or
glucose distribution volume, which could impact the insulin sensitivity determined (Matsuda
& DeFronzo, 1999). Cederholm utilises four time points during the OGTT and takes into
consideration an individual’s body mass but the number of variables included are thought to
impact its correlation with clamp measures (Cederholm & Wibell, 1990). Gutt built upon the
equation by Cederholm and Wibell (1990), reducing the number of variables and increasing
correlation with the hyperinsulinaemic clamp (Gutt et al., 2000; Otten et al., 2014). Stumvoll
used a linear regression to determine which variables are the best predictors of insulin
sensitivity determined by the hyperinsulinaemic clamp, producing an equation with BMI (I1SI*)
and one without (ISI) (Stumvoll et al., 2000). OGIS is the most complex equation, using
unknown predictor variables determined from a comparison of an OGTT and
hyperinsulinaemic clamp, along with height, body weight, glucose dose and 0, 90, 120min
glucose and insulin concentrations (Mari, Pacini, et al., 2001). It has shown good agreement
and reproducibility with the hyperinsulinaemic clamp and online software is available to
assist with computation (Hudak et al., 2021; Leonetti et al., 2004). Evidence suggests OGIS
has the highest validity and reliability, Matsuda provides the simplest equation to use and
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both Gutt and Stumvoll allow for the inclusion of demographic variables into the equation
(Hudak et al., 2021; Otten et al., 2014).

5. Fasting Indices
a. Theory and Procedure

Fasting indices, shown in table 2, can act as surrogate measures for both insulin sensitivity
and B-cell function (Otten et al., 2014). Two examples of common fasting indices are the
homeostasis model assessment (HOMA) and the quantitative insulin-sensitivity check index
(QUICKI). Both HOMA and QUICKI are based on the feedback loop of insulin and glucose to
maintain homeostasis (Katz et al., 2000; Wallace et al., 2004). During fasting, insulin levels
and hepatic glucose production should remain constant (Katz et al., 2000; Wallace et al.,
2004). When an individual is hyperglycaemic at fasting, insulin concentrations are insufficient
to maintain effective glycaemic control. QUICKI can estimate insulin sensitivity and the
HOMA indices can estimate both insulin resistance (HOMA-IR) and B-cell function (HOMA-
B) (Katz et al., 2000; Wallace et al., 2004).
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Table 2- Indices derived from fasting concentrations.

Indices

Quantitative insulin-sensitivity
check index (QUICKI)
(Katz et al., 2000)

Equation

B 1
[log(lnsulin(Omms)) + log(Glucose(Omins))]

Homeostasis Model Assessment-
Insulin resistance (HOMA-IR)
(Matthews et al., 1985)

= (Insulin(0mins) x Glucose(0mins))
22.5

Homeostasis Model Assessment-
B-cell function (HOMA-B)
(Matthews et al., 1985)

20 x Insulin(Omins)

- Glucose(Omins) — 3.5
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b. Validity and Reliability

The fasting indices can provide estimates of insulin sensitivity and -cell function based on
the ability of glucose and insulin to maintain homeostasis (Muniyappa et al., 2008). During
fasting conditions, glucose concentration represents hepatic glucose production and the
ability of insulin to stimulate the disposal of glucose produced endogenously (Muniyappa et
al., 2008). Fasting insulin represents secretion from B-cells which will be higher or lower
dependent on the insulin sensitivity of the individual (Muniyappa et al., 2008). When insulin
secretion can no longer counteract impairments in insulin sensitivity, fasting hyperglycaemia
prevails, evidenced in type 2 diabetes (Muniyappa et al., 2008). The indices therefore utilise
the negative feedback loop between insulin and glucose to maintain euglycaemia
(Muniyappa et al., 2008).

The relationship between insulin sensitivity derived from a hyperinsulinaemic euglycaemic
clamp and fasting insulin sensitivity indices is hyperbolic and logarithmic transformations of
the indices are therefore recommended (Mather et al., 2001). The ability of both QUICKI and
logHOMA-IR to discriminate between individuals of differing insulin sensitivity, from lean to
diabetic, is statistically comparable to the discriminant ratio of the hyperinsulinaemic
euglycaemic clamp (Mather et al., 2001). QUICKI and logHOMA-IR correlate well with the
hyperinsulinaemic euglycaemic clamp in individuals with diabetes or obesity but correlate
poorly in lean healthy subjects, suggesting the indices perform poorer in those who are
insulin sensitive (Mather et al., 2001). QUICKI correlates well with the hyperinsulinaemic
clamp to changes in insulin resistance due to interventions, including diet and exercise in
individuals with type 2 diabetes (Katsuki et al., 2002). Correlation between repeated tests of
logarithmically transformed indices has been assessed using Bland-Altman plots showing
good test-retest reliability and uniform variability (Mather et al., 2001).

c. Special Considerations

HOMA and QUICKI are useful measures in epidemiological studies due to the relatively low
participant burden. Fasting indices fail to provide any indication of insulin sensitivity
postprandially or in response to dynamic glucose or insulin concentrations. They are most
useful in studies where other methods to measure insulin sensitivity are not feasible, or
insulin sensitivity is a secondary research question. Care should also be taken when using
the HOMA-( index to measure 3-cell function as it should always be used in conjunction with
a measure of insulin resistance (HOMA-IR) (Matthews et al., 1985; Wallace et al., 2004).

Summary

HbA1c and CGMs provide an overall measurement of glycaemic control, particularly useful
in clinical populations but do not probe the physiology underlying glucose regulation such as
insulin sensitivity, glucose tolerance and B-cell function. The hyperinsulinaemic euglycaemic
clamp is the gold standard for measuring insulin sensitivity and the hyperglycaemic clamp is
the gold standard for measuring B-cell sensitivity. Although highly standardised, both have a
high participant burden and do not allow for dynamic measurements. The intravenous
glucose tolerance test allows glucose tolerance, and an estimation of B-cell function and
insulin sensitivity to be measured with high reproducibility. Both the oral glucose tolerance
test and mixed meal tolerance tests provide more dynamic measurements of glycaemic
control and glucose tolerance but have poor reproducibility. The mixed meal tolerance test is
most representative of daily life but poor standardisation in the meal provides limited
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comparability between studies. The fasting indices are useful in epidemiological studies or in
conjunction with other methods.

Table 3 - Methods to study glycaemic control and insulin sensitivity in human

physiology research.

Method Research recommendations Important considerations:

HbA1c Measures glycaemia over | Do you have an individual trained
the previous 120 days on venepuncture?
Often used clinically for Do you have facilities to assess
diagnosis HbA1c concentration from the blood
Useful for investigating samples?
intervention effects on
glycaemic control
Cannot measure acute
glycaemic control or
glycaemic variability

CGM Measures free-living Have you followed the company

glycaemia

Can collect
measurements for long
periods

Can measure glycaemic
variability

Low participant burden,
most suitable for
vulnerable populations
Can be used as a useful
secondary measure
throughout different
interventions

training on how to fit the relevant
CGM?
Can you blind the device?

OGTT and indices

Nutrition research
Superior ecological
validity

Measure of glucose
tolerance

Estimates of insulin
sensitivity from indices
Useful for higher sample
sizes as less equipment
required, and safer for
patient groups than
clamp methods

Do you have an individual trained to
fit cannulas?

Do you have a heated box or will
you be using venous samples?

Do you have equipment to measure
glucose and insulin immediately or
will this be done later?

e Do you have storage
facilities for the blood
samples (2-70°C freezer)?

Immediate access to a refrigerated
centrifuge to spin the blood
samples?




Mixed Meal
Tolerance Test

Dynamic measurements
of insulin sensitivity in
response to nutritional
intake

Impact of proteins, fats,
and glucose on insulin
sensitivity
Measurements of 3-cell
function taking into
consideration incretin
hormones

Diurnal variations in
insulin sensitivity

Do you have an individual trained to
fit cannulas?

Do you have a heated box or will
you be using venous samples?

Do you have equipment to measure
glucose and insulin immediately or
will this be done later?

e Do you have storage
facilities for the blood
samples (£-70°C freezer)?

Immediate access to a refrigerated
centrifuge to spin the blood
samples?

Hyperinsulinaemic
euglycaemic Clamp

Gold standard for
measuring insulin
sensitivity

Highly controlled
research

The main aim of the
research is to investigate
insulin sensitivity

Do you have an individual trained to
fit cannulas?
Do you have training on how to use
the specialist equipment and a
clinical member of staff to
administer Intravenous
glucose/insulin and monitor the
participant throughout?
Do you have specialist training on
using and storing isotopes?

e Radiolabelled isotopes

o Stable isotopes
Will you be using an automated
algorithm to calculate the glucose
infusion rate during the experiment?

Hyperglycaemic
clamp

Gold standard for
measuring 3-cell function
Highly controlled
research

Measures both 1% phase
and 2" phase insulin
secretory response
Estimates whole body
insulin sensitivity

Do you have an individual trained to
fit cannulas?
Do you have training on how to use
the specialist equipment and a
clinical member of staff to
administer Intravenous
glucose/insulin and monitor the
participant throughout?
Do you have specialist training on
using and storing isotopes?

o Radiolabelled isotopes

o Stable isotopes
Will you be using an automated
algorithm to calculate the glucose
infusion rate during the experiment?
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Intravenous
glucose tolerance
test

A dynamic test of glucose
tolerance, does not
require steady state
conditions

Estimations of glucose
effectiveness, insulin
sensitivity and p-cell
secretion all from one
test

Useful to measure the
acute insulin response
after the glucose load

Do you have an individual trained to
fit cannulas?
Do you have training on how to use
the specialist equipment and a
clinical member of staff to
administer glucose/insulin injection
intravenously?
Do you have specialist training on
using and storing isotopes?

o Radiolabelled isotopes

e Stable isotopes
Do you have an understanding of
the mathematical modelling used to
determine insulin sensitivity from
this method?

Fasting Indices

Large scale
epidemiological studies
Studies on high-risk
patients

Studies on vulnerable
populations

Studies where only
estimates of insulin
sensitivity are required
Studies where hepatic
insulin resistance is to be
estimated

Do you have an individual trained
on venepuncture?

Do you have facilities to assess
glucose and insulin concentration
from the blood samples?

Acknowledgements: This research is supported by the National Institute for Health Research
Applied Research Collaboration North West Coast (ARC NWC) (NIHR-INF-2218). The views
expressed in this publication are those of the author(s) and not necessarily those of the
National Institute for Health Research or the Department of Health and Social Care. All
figures created using BioRender.com.

Conflict of interest: None declared.

Author contributions: All authors (EW, DS, TMB, RML, CJG) contributed to the conception
and outline of the review. EJW drafted the initial version, including figures, and all authors
(EW, DS, TMB, RML, CJG) contributed to the final critical revision of this review. All authors
have read and approved the final version of this manuscript and agree to be accountable




702
703
704

705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

733
734

and appropriately investigate any questions regarding the accuracy or integrity of any aspect
of the work. All persons designated as author qualify for authorship, and all those who
qualify for authorship are listed.

References

Abraham, M. B., Smith, G. J., Choo, A. Y. L., de Bock, M., Davis, E. A., & Jones, T.
W. (2023). Impact of Body Composition on the Accuracy of a Medtronic



735
736

737
738

739
740
741
742
743

744
745
746
747

748
749
750

751
752
753
754

755
756
757

758
759
760
761

762
763

764
765
766

767
768
769

770
771
772
773

774
775
776
777

Guardian Continuous Glucose Monitoring System. Diabetes Technology &
Therapeutics, 25(8), 549-553. https://doi.org/10.1089/dia.2023.0085

Ahrén, B. (2013). Glucose: Glucose Tolerance. In Encyclopedia of Human Nutrition
(pp. 381-386). Elsevier. https://doi.org/10.1016/B978-0-12-375083-9.00134-3

Akintola, A. A., Noordam, R., Jansen, S. W., De Craen, A. J., Ballieux, B. E.,
Cobbaert, C. M., Mooijaart, S. P., Pijl, H., Westendorp, R. G., & Van Heemst, D.
(2015). Accuracy of continuous glucose monitoring measurements in normo-
glycemic individuals. PLoS ONE, 10(10), 1-13.
https://doi.org/10.1371/journal.pone.0139973

Alva, S., Brazg, R., Castorino, K., Kipnes, M., Lilienquist, D. R., & Liu, H. (2023).
Accuracy of the Third Generation of a 14-Day Continuous Glucose Monitoring
System. Diabetes Therapy, 14(4), 767-776. https://doi.org/10.1007/s13300-023-
01385-6

American Diabetes Association Professional Practice Committee. (2022). 6.
Glycemic Targets: Standards of Medical Care in Diabetes—2022. In Diabetes
Care (Vol. 45, Issue Supplement_1). https://doi.org/10.2337/dc22-S006

Bardet, S., Pasqual, C., Maugendre, D., Remy, J. P., Charbonnel, B., & Sai, P.
(1989). Inter and intra individual variability of acute insulin response during
intravenous glucose tolerance tests. Diabete & Metabolisme, 15(5), 224-232.
http://www.ncbi.nim.nih.gov/pubmed/2698364

Bartoli, E., Fra, G. P., & Schianca, G. P. C. (2011). The oral glucose tolerance test
(OGTT) revisited. European Journal of Internal Medicine, 22(1), 8-12.
https://doi.org/10.1016/j.€jim.2010.07.008

Barua, S., A Wierzchowska-McNew, R., Deutz, N. E., & Sabharwal, A. (2022).
Discordance between postprandial plasma glucose measurement and
continuous glucose monitoring. The American Journal of Clinical Nutrition,
116(4), 1059—-1069. https://doi.org/10.1093/ajcn/nqac181

Bergenstal, R. (2018). Understanding Continuous Glucose Monitoring Data. ADA
Clinical Compendia, 20-23. https://doi.org/10.2337/db20181-20

Bergman, R. N. (2021). Origins and History of the Minimal Model of Glucose
Regulation. Frontiers in Endocrinology, 11.
https://doi.org/10.3389/fendo.2020.583016

Bergman, R. N., Ader, M., Huecking, K., & Van Citters, G. (2002). Accurate
Assessment of B-Cell Function. Diabetes, 51(suppl_1), S212-S220.
https://doi.org/10.2337/diabetes.51.2007.5212

Bergman, R. N., Ider, Y. Z., Bowden, C. R., & Cobelli, C. (1979). Quantitative
estimation of insulin sensitivity. American Journal of Physiology-Endocrinology
and Metabolism, 236(6), E667.
https://doi.org/10.1152/ajpendo.1979.236.6.E667

Bergman, R. N., Prager, R., Volund, A., & Olefsky, J. M. (1987). Equivalence of the
insulin sensitivity index in man derived by the minimal model method and the
euglycemic glucose clamp. Journal of Clinical Investigation, 79(3), 790-800.
https://doi.org/10.1172/JCI1112886



778 Bird, S. R., & Hawley, J. A. (2017). Update on the effects of physical activity on

779 insulin sensitivity in humans. BMJ Open Sport & Exercise Medicine, 2(1),

780 €000143. https://doi.org/10.1136/bmjsem-2016-000143

781  Brodovicz, K. G., Girman, C. J., Simonis-Bik, A. M. C., Rijkelijkhuizen, J. M., Zelis,
782 M., Bunck, M. C., Mari, A., Nijpels, G., Eekhoff, E. M. W., & Dekker, J. M.

783 (2011). Postprandial metabolic responses to mixed versus liquid meal tests in
784 healthy men and men with type 2 diabetes. Diabetes Research and Clinical
785 Practice, 94(3), 449-455. https://doi.org/10.1016/j.diabres.2011.09.002

786 Brook, M. S., & Wilkinson, D. J. (2020). Contemporary stable isotope tracer

787 approaches: Insights into skeletal muscle metabolism in health and disease.
788 Experimental Physiology, 105(7), 1081-1089. https://doi.org/10.1113/EP087492
789  Brooks, D. C., Black, P. R., Arcangeli, M. A., Aoki, T. T., & Wilmore, D. W. (1989).
790 The heated dorsal hand vein: An alternative arterial sampling site. Journal of
791 Parenteral and Enteral Nutrition, 13(1), 102—105.

792 https://doi.org/10.1177/0148607189013001102

793  Cederholm, J., & Wibell, L. (1990). Insulin release and peripheral sensitivity at the
794 oral glucose tolerance test. Diabetes Research and Clinical Practice, 10(2),
795 167-175. https://doi.org/10.1016/0168-8227(90)90040-Z

796 Chehregosha, H., Khamseh, M. E., Malek, M., Hosseinpanah, F., & Ismail-Beigi, F.
797 (2019). A View Beyond HbA1c: Role of Continuous Glucose Monitoring.

798 Diabetes Therapy, 10(3), 853—-863. https://doi.org/10.1007/s13300-019-0619-1
799 Chung, S. T., Ha, J., Onuzuruike, A. U., Kasturi, K., Galvan-De La Cruz, M.,

800 Bingham, B. A., Baker, R. L., Utumatwishima, J. N., Mabundo, L. S., Ricks, M.,
801 Sherman, A. S., & Sumner, A. E. (2017). Time to glucose peak during an oral
802 glucose tolerance test identifies prediabetes risk. Clinical Endocrinology, 87(5),
803 484—491. https://doi.org/10.1111/cen.13416

804 Cohen, R. M., Franco, R. S., Khera, P. K., Smith, E. P., Lindsell, C. J., Ciraolo, P. J.,
805 Palascak, M. B., & Joiner, C. H. (2008). Red cell life span heterogeneity in

806 hematologically normal people is sufficient to alter HbA1c. Blood, 112(10),

807 4284—-4291. https://doi.org/10.1182/blood-2008-04-154112

808 Davison, N. B., Gaffney, C. J., Kerns, J. G., & Zhuang, Q. D. (2022). Recent

809 Progress and Perspectives on Non-Invasive Glucose Sensors. Diabetology,
810 3(1), 56-71. https://doi.org/10.3390/diabetology3010005

811  DeFronzo, R. A., Tobin, J. D., & Andres, R. (1979). Glucose clamp technique: a
812 method for quantifying insulin secretion and resistance. American Journal of
813 Physiology-Endocrinology and Metabolism, 237(3), E214.

814 https://doi.org/10.1152/ajpendo.1979.237.3.E214

815 Edinburgh, R. M., Hengist, A., Smith, H. A., Betts, J. A., Thompson, D., Walhin, J.-P.,
816 & Gonzalez, J. T. (2017). Prior exercise alters the difference between

817 arterialised and venous glycaemia: implications for blood sampling procedures.
818 British Journal of Nutrition, 117(10), 1414-1421.

819 https://doi.org/10.1017/S0007114517001362

820 Elahi, D. (1996). In Praise of the Hyperglycemic Clamp: A method for assessment of
821 B-cell sensitivity and insulin resistance. Diabetes Care, 19(3), 278-286.



822

823
824
825
826

827
828
829
830
831

832
833
834

835
836
837
838

839
840
841
842

843
844
845
846

847
848
849

850
851
852
853
854

855
856
857
858
859
860

861
862
863
864
865

https://doi.org/10.2337/diacare.19.3.278

Ellis, A. C., Alvarez, J. A., Granger, W. M., Ovalle, F., & Gower, B. A. (2012). Ethnic
differences in glucose disposal, hepatic insulin sensitivity, and endogenous
glucose production among African American and European American women.
Metabolism, 61(5), 634—640. https://doi.org/10.1016/j.metabol.2011.09.011

Fabricius, T. W., Verhulst, C. E. M., Kristensen, P. L., Tack, C. J., McCrimmon, R. J.,
Heller, S., Evans, M. L., Amiel, S. A., Pieber, T. R., de Galan, B. E., &
Pedersen-Bjergaard, U. (2021). Hyperinsulinaemic—hypoglycaemic glucose
clamps in human research: a systematic review of the literature. Diabetologia,
64(4), 727-736. https://doi.org/10.1007/s00125-020-05361-8

Ferrari, P., Alleman, Y., Shaw, S., Riesen, W., & Weidmann, P. (1991).
Reproducibility of insulin sensitivity measured by the minimal model method.
Diabetologia, 34(7), 527-530. https://doi.org/10.1007/BF00403291

Finegood, D. T., Bergman, R. N., & Vranic, M. (1987). Estimation of Endogenous
Glucose Production During Hyperinsulinemic-Euglycemic Glucose Clamps:
Comparison of Unlabeled and Labeled Exogenous Glucose Infusates. Diabetes,
36(8), 914-924. https://doi.org/10.2337/diab.36.8.914

Finn, E., Schlichting, L., Grau, L., Douglas, I. S., & Pereira, R. |. (2023). Real-world
Accuracy of CGM in Inpatient Critical and Noncritical Care Settings at a Safety-
Net Hospital. Diabetes Care, 46(10), 1825-1830. https://doi.org/10.2337/dc23-
0089

Godsland, I. F., Johnston, D. G., Alberti, K., & Oliver, N. (2024). The importance of
intravenous glucose tolerance test glucose stimulus for the evaluation of insulin
secretion. Scientific Reports, 14(1), 7451. https://doi.org/10.1038/s41598-024-
54584-x

Gordon, B. A, Fraser, S. F., Bird, S. R., & Benson, A. C. (2011). Reproducibility of
multiple repeated oral glucose tolerance tests. Diabetes Research and Clinical
Practice, 94(3), e78—e82. https://doi.org/10.1016/j.diabres.2011.08.025

Gutt, M., Davis, C. L., Spitzer, S. B., Llabre, M. M., Kumar, M., Czarnecki, E. M.,
Schneiderman, N., Skyler, J. S., & Marks, J. B. (2000). Validation of the insulin
sensitivity index (1S10,120): comparison with other measures. Diabetes
Research and Clinical Practice, 47(3), 177—184. https://doi.org/10.1016/S0168-
8227(99)00116-3

Hannon, T. S., Kahn, S. E., Utzschneider, K. M., Buchanan, T. A., Nadeau, K. J.,
Zeitler, P. S., Ehrmann, D. A., Arslanian, S. A., Caprio, S., Edelstein, S. L.,
Savage, P. J., & Mather, K. J. (2018). Review of methods for measuring p-cell
function: Design considerations from the Restoring Insulin Secretion (RISE)
Consortium. Diabetes, Obesity and Metabolism, 20(1), 14—-24.
https://doi.org/10.1111/dom.13005

Hansen, A. M. B., Wium, C., Lee, S., Tierney, A. C., McCarthy, D., Roche, H. M.,
Drevon, C. A,, Birkeland, K. I., & Gulseth, H. L. (2020). Substantial inter-
individual variations in insulin secretion and sensitivity across the
glucometabolic spectrum. Scandinavian Journal of Clinical and Laboratory
Investigation, 80(4), 282—-290. https://doi.org/10.1080/00365513.2020.1730433



866
867
868

869
870
871
872

873
874
875
876

877
878
879
880

881
882
883
884

885
886
887
888

889
890
891
892
893

894
895
896

897
898
899

900
901
902
903

904
905
906
907
908
909

Heinemann, L. (2022). Interferences With CGM Systems: Practical Relevance?
Journal of Diabetes Science and Technology, 16(2), 271-274.
https://doi.org/10.1177/19322968211065065

Heise, T., Zijlstra, E., Nosek, L., Heckermann, S., Plum-Moérschel, L., & Forst, T.
(2016). Euglycaemic glucose clamp: what it can and cannot do, and how to do
it. Diabetes, Obesity and Metabolism, 18(10), 962-972.
https://doi.org/10.1111/dom.12703

Herrington, S. J., Gee, D. L., Dow, S. D., Monosky, K. A., Davis, E., & Pritchett, K. L.
(2012). Comparison of Glucose Monitoring Methods during Steady-State
Exercise in Women. Nutrients, 4(9), 1282—1292.
https://doi.org/10.3390/nu4091282

Hucking, K., Watanabe, R. M., Stefanovski, D., & Bergman, R. N. (2008). OGTT-
derived Measures of Insulin Sensitivity Are Confounded by Factors Other Than
Insulin Sensitivity Itself. Obesity, 16(8), 1938—1945.
https://doi.org/10.1038/0by.2008.336

Hudak, S., Huber, P., Lamprinou, A., Fritsche, L., Stefan, N., Peter, A., Birkenfeld, A.
L., Fritsche, A., Heni, M., & Wagner, R. (2021). Reproducibility and
discrimination of different indices of insulin sensitivity and insulin secretion.
PLOS ONE, 16(10), e0258476. https://doi.org/10.1371/journal.pone.0258476

Jagannathan, R., Neves, J. S., Dorcely, B., Chung, S. T., Tamura, K., Rhee, M., &
Bergman, M. (2020). The Oral Glucose Tolerance Test: 100 Years Later.
Diabetes, Metabolic Syndrome and Obesity : Targets and Therapy, 13, 3787—
3805. https://doi.org/10.2147/DMS0.5246062

James, D., Umekwe, N., Edeoga, C., Nyenwe, E., & Dagogo-Jack, S. (2020). Multi-
year reproducibility of hyperinsulinemic euglycemic clamp-derived insulin
sensitivity in free-living adults: Association with incident prediabetes in the POP-
ABC study. Metabolism, 109, 154263.
https://doi.org/10.1016/j.metabol.2020.154263

Kahn, S. E. (2003). The relative contributions of insulin resistance and beta-cell
dysfunction to the pathophysiology of Type 2 diabetes. Diabetologia, 46(1), 3—
19. https://doi.org/10.1007/s00125-002-1009-0

Kahn, S. E., Cooper, M. E., & Del Prato, S. (2014). Pathophysiology and treatment of
type 2 diabetes: Perspectives on the past, present, and future. The Lancet,
383(9922), 1068—1083. https://doi.org/10.1016/S0140-6736(13)62154-6

Karakelides, H., Irving, B. A., Short, K. R., O'Brien, P., & Nair, K. S. (2010). Age,
Obesity, and Sex Effects on Insulin Sensitivity and Skeletal Muscle
Mitochondrial Function. Diabetes, 59(1), 89-97. https://doi.org/10.2337/db09-
0591

Katsuki, A., Sumida, Y., Gabazza, E. C., Murashima, S., Urakawa, H., Morioka, K.,
Kitagawa, N., Tanaka, T., Araki-Sasaki, R., Hori, Y., Nakatani, K., Yano, Y., &
Adachi, Y. (2002). QUICKI Is Useful for Following Improvements in Insulin
Sensitivity after Therapy in Patients with Type 2 Diabetes Mellitus. The Journal
of Clinical Endocrinology & Metabolism, 87(6), 2906—2908.
https://doi.org/10.1210/jcem.87.6.8592



910
911
912
913
914

915
916
917
918

919
920
921
922
923

924
925
926
927
928

929
930
931
932

933
934
935
936
937
938

939
940
941
942
943
944

945
946
947
948

949
950
951
952

953
954

Katz, A., Nambi, S. S., Mather, K., Baron, A. D., Follmann, D. A., Sullivan, G., &
Quon, M. J. (2000). Quantitative Insulin Sensitivity Check Index: A Simple,
Accurate Method for Assessing Insulin Sensitivity In Humans. The Journal of
Clinical Endocrinology & Metabolism, 85(7), 2402—-2410.
https://doi.org/10.1210/jcem.85.7.6661

Kaur, G., Lakshmi, P. V. M., Rastogi, A., Bhansali, A., Jain, S., Teerawattananon, Y.,
Bano, H., & Prinja, S. (2020). Diagnostic accuracy of tests for type 2 diabetes
and prediabetes: A systematic review and meta-analysis. PLOS ONE, 15(11),
€0242415. https://doi.org/10.1371/journal.pone.0242415

Ko, G. T. C,, Chan, J. C. N., Woo, J., Lau, E., Yeung, V. T. F., Chow, C.-C., &
Cockram, C. S. (1998). The Reproducibility and Usefulness of the Oral Glucose
Tolerance Test in Screening for Diabetes and other Cardiovascular Risk
Factors. Annals of Clinical Biochemistry: International Journal of Laboratory
Medicine, 35(1), 62—67. https://doi.org/10.1177/000456329803500107

Kong, F.-M. S., Zhao, L., Wang, L., Chen, Y., Hu, J., Fu, X., Bai, C., Wang, L.,
Lawrence, T. S., Anscher, M. S., Dicker, A., & Okunieff, P. (2017). Ensuring
sample quality for blood biomarker studies in clinical trials: a multicenter
international study for plasma and serum sample preparation. Translational
Lung Cancer Research, 6(6), 625-634. https://doi.org/10.21037/tlcr.2017.09.13

Korytkowski, M. T., Berga, S. L., & Horwitz, M. J. (1995). Comparison of the minimal
model and the hyperglycemic clamp for measuring insulin sensitivity and acute
insulin response to glucose. Metabolism, 44(9), 1121-1125.
https://doi.org/10.1016/0026-0495(95)90003-9

Kdssler, T., Bobrov, P., Strassburger, K., Kuss, O., Zaharia, O.-P., Karusheva, Y.,
Moser, C., Badis, K., Burkart, V., Roden, M., Szendroedi, J., Roden, M., Al-
Hasani, H., Belgardt, B., Burkart, V., Buyken, A. E., Geerling, G., Herder, C.,
Hwang, J. H., ... Ziegler, D. (2021). Impact of mixed meal tolerance test
composition on measures of beta-cell function in type 2 diabetes. Nutrition &
Metabolism, 18(1), 47. https://doi.org/10.1186/s12986-021-00556-1

Ladwa, M., Bello, O., Hakim, O., Shojaee-Moradie, F., Boselli, M. L., Charles-
Edwards, G., Peacock, J., Umpleby, A. M., Amiel, S. A., Bonadonna, R. C., &
Goff, L. M. (2021). Ethnic differences in beta cell function occur independently of
insulin sensitivity and pancreatic fat in black and white men. BMJ Open
Diabetes Research & Care, 9(1), €002034. https://doi.org/10.1136/bmjdrc-2020-
002034

Laiteerapong, N., Ham, S. A, Gao, Y., Moffet, H. H., Liu, J. Y., Huang, E. S., &
Karter, A. J. (2019). The Legacy Effect in Type 2 Diabetes: Impact of Early
Glycemic Control on Future Complications (The Diabetes & Aging Study).
Diabetes Care, 42(3), 416—426. https://doi.org/10.2337/dc17-1144

Lee, I., Probst, D., Klonoff, D., & Sode, K. (2021). Continuous glucose monitoring
systems - Current status and future perspectives of the flagship technologies in
biosensor research -. Biosensors and Bioelectronics, 181, 113054.
https://doi.org/10.1016/j.bios.2021.113054

Leonetti, F., lacobellis, G., Zappaterreno, A., Ribaudo, M. C., Tiberti, C., Vecci, E., &
Di Mario, U. (2004). Insulin sensitivity assessment in uncomplicated obese



955
956
957

958
959
960
961

962
963
964
965
966

967
968
969

970
971
972

973
974
975
976
977

978
979
980
981
982

983
984
985
986
987

988
989
990

991
992
993
994

995
996
997
998

women: comparison of indices from fasting and oral glucose load with
euglycemic hyperinsulinemic clamp. Nutrition, Metabolism and Cardiovascular
Diseases, 14(6), 366—372. https://doi.org/10.1016/S0939-4753(04)80027-9

Lindner, N., Kuwabara, A., & Holt, T. (2021). Non-invasive and minimally invasive
glucose monitoring devices: a systematic review and meta-analysis on
diagnostic accuracy of hypoglycaemia detection. Systematic Reviews, 10(1),
145. https://doi.org/10.1186/s13643-021-01644-2

MacLaren, D. P. M., Mohebbi, H., Nirmalan, M., Keegan, M. A., Best, C. T., Perera,
D., Harvie, M. N., & Campbell, I. T. (2011). Effect of a 2-h hyperglycemic—
hyperinsulinemic glucose clamp to promote glucose storage on endurance
exercise performance. European Journal of Applied Physiology, 111(9), 2105—
2114. https://doi.org/10.1007/s00421-011-1838-y

Mari, A., Pacini, G., Murphy, E., Ludvik, B., & Nolan, J. J. (2001). A Model-Based
Method for Assessing Insulin Sensitivity From the Oral Glucose Tolerance Test.
Diabetes Care, 24(3), 539-548. https://doi.org/10.2337/diacare.24.3.539

Mari, A., Trainito, N., Cavaggion, C., Bison, P., Galiazzo, G., & Frigo, A. (2001).
OGIS—insulin sensitivity from the oral glucose test.
http://webmet.pd.cnr.it/ogis/index.php

Matabuena, M., Pazos-Couselo, M., Alonso-Sampedro, M., Fernandez-Merino, C.,
Gonzalez-Quintela, A., & Gude, F. (2023). Reproducibility of continuous glucose
monitoring results under real-life conditions in an adult population: a functional
data analysis. Scientific Reports, 13(1), 13987. https://doi.org/10.1038/s41598-
023-40949-1

Mather, K. J., Hunt, A. E., Steinberg, H. O., Paradisi, G., Hook, G., Katz, A., Quon,
M. J., & Baron, A. D. (2001). Repeatability Characteristics of Simple Indices of
Insulin Resistance: Implications for Research Applications. The Journal of
Clinical Endocrinology & Metabolism, 86(11), 5457-5464.
https://doi.org/10.1210/jcem.86.11.7880

Mather, K. J., Tjaden, A. H., Hoehn, A., Nadeau, K. J., Buchanan, T. A., Kahn, S. E.,
Arslanian, S. A., Caprio, S., Atkinson, K. M., Cree-Green, M., Utzschneider, K.
M., & Edelstein, S. L. (2021). Precision and accuracy of hyperglycemic clamps
in @ multicenter study. American Journal of Physiology-Endocrinology and
Metabolism, 320(4), E797—E807. https://doi.org/10.1152/ajpendo.00598.2020

Matsuda, M., & DeFronzo, R. A. (1999). Insulin sensitivity indices obtained from oral
glucose tolerance testing: comparison with the euglycemic insulin clamp.
Diabetes Care, 22(9), 1462—-1470. https://doi.org/10.2337/diacare.22.9.1462

Matthews, D. R., Hosker, J. P., Rudenski, A. S., Naylor, B. A., Treacher, D. F., &
Turner, R. C. (1985). Homeostasis model assessment: insulin resistance and -
cell function from fasting plasma glucose and insulin concentrations in man.
Diabetologia, 28(7), 412—419. https://doi.org/10.1007/BF00280883

McNair, P. D., Colman, P. G., Alford, F. P., & Harrison, L. C. (1995). Reproducibility
of the First-Phase Insulin Response to Intravenous Glucose Is Not Improved by
Retrograde Cannulation and Arterialization or the Use of a Lower Glucose Dose.
Diabetes Care, 18(8), 1168—1173. https://doi.org/10.2337/diacare.18.8.1168



999 Meneilly, G. S., & Elliott, T. (1998). Assessment of Insulin Sensitivity in Older Adults

1000 Using the Hyperglycemic Clamp Technique. Journal of the American Geriatrics
1001 Society, 46(1), 88-91. https://doi.org/10.1111/j.1532-5415.1998.tb01019.x

1002  Mitrakou, A., Vuorinen-Markkola, H., Raptis, G., Toft, I., Mokan, M., Strumph, P.,
1003 Pimenta, W., Veneman, T., Jenssen, T., & Bolli, G. (1992). Simultaneous

1004 assessment of insulin secretion and insulin sensitivity using a hyperglycemia
1005 clamp. The Journal of Clinical Endocrinology & Metabolism, 75(2), 379-382.
1006 https://doi.org/10.1210/jcem.75.2.1639939

1007  Muniyappa, R., Lee, S., Chen, H., & Quon, M. J. (2008). Current approaches for
1008 assessing insulin sensitivity and resistance in vivo: advantages, limitations, and
1009 appropriate usage. American Journal of Physiology-Endocrinology and

1010 Metabolism, 294(1), E15—E26. https://doi.org/10.1152/ajpendo.00645.2007
1011 Nathan, D. M., Turgeon, H., & Regan, S. (2007). Relationship between glycated
1012 haemoglobin levels and mean glucose levels over time. Diabetologia, 50(11),
1013 2239-2244. https://doi.org/10.1007/s00125-007-0803-0

1014  Ni, T.-C., Ader, M., & Bergman, R. N. (1997). Reassessment of Glucose

1015 Effectiveness and Insulin Sensitivity From Minimal Model Analysis: A

1016 Theoretical Evaluation of the Single-Compartment Glucose Distribution

1017 Assumption. Diabetes, 46(11), 1813-1821.

1018 https://doi.org/10.2337/diab.46.11.1813

1019  Otten, J., Ahrén, B., & Olsson, T. (2014). Surrogate measures of insulin sensitivity vs
1020 the hyperinsulinaemic—euglycaemic clamp: a meta-analysis. Diabetologia, 57(9),
1021 1781-1788. https://doi.org/10.1007/s00125-014-3285-x

1022 Owora, A. H. (2018). Commentary: Diagnostic Validity and Clinical Utility of HbA1c
1023 Tests for Type 2 Diabetes Mellitus. Current Diabetes Reviews, 14(2), 196—-199.
1024 https://doi.org/10.2174/1573399812666161129154559

1025 Pajunen, P., Peltonen, M., Eriksson, J. G., llanne-Parikka, P., Aunola, S., Keinanen-
1026 Kiukaanniemi, S., Uusitupa, M., Tuomilehto, J., & Lindstrom, J. (2011). HbA 1c
1027 in diagnosing and predicting Type 2 diabetes in impaired glucose tolerance: the
1028 Finnish Diabetes Prevention Study. Diabetic Medicine, 28(1), 36—42.

1029 https://doi.org/10.1111/j.1464-5491.2010.03183.x

1030  Perlmuter, L. C., Flanagan, B. P., Shah, P. H., & Singh, S. P. (2008). Glycemic

1031 Control and Hypoglycemia. Diabetes Care, 31(10), 2072-2076.

1032 https://doi.org/10.2337/dc08-1441

1033  Picchini, U., De Gaetano, A., Panunzi, S., Ditlevsen, S., & Mingrone, G. (2005). A
1034 mathematical model of the euglycemic hyperinsulinemic clamp. Theoretical
1035 Biology and Medical Modelling, 2(1), 44. https://doi.org/10.1186/1742-4682-2-44
1036  Pisprasert, V., Ingram, K. H., Lopez-Davila, M. F., Munoz, A. J., & Garvey, W. T.
1037 (2013). Limitations in the Use of Indices Using Glucose and Insulin Levels to
1038 Predict Insulin Sensitivity. Diabetes Care, 36(4), 845-853.

1039 https://doi.org/10.2337/dc12-0840

1040  Rijkelijkhuizen, J. M., Girman, C. J., Mari, A., Alssema, M., Rhodes, T., Nijpels, G.,
1041 Kostense, P. J., Stein, P. P., Eekhoff, E. M., Heine, R. J., & Dekker, J. M.

1042 (2009). Classical and model-based estimates of beta-cell function during a



1043
1044

1045
1046
1047
1048

1049
1050
1051
1052
1053

1054
1055
1056
1057
1058

1059
1060
1061
1062
1063
1064
1065
1066

1067
1068
1069

1070
1071
1072
1073

1074
1075
1076
1077

1078
1079
1080
1081
1082
1083
1084

1085
1086
1087

mixed meal vs. an OGTT in a population-based cohort. Diabetes Research and
Clinical Practice, 83(2), 280—-288. https://doi.org/10.1016/j.diabres.2008.11.017

Rowe, R. E., Leech, N. J., Finegood, D. T., & McCulloch, D. K. (1994). Retrograde
versus antegrade cannulation in the intravenous glucose tolerance test.
Diabetes Research and Clinical Practice, 25(2), 131-136.
https://doi.org/10.1016/0168-8227(94)90038-8

Saad, M. F., Anderson, R. L., Laws, A., Watanabe, R. M., Kades, W. W., Chen, Y.-D.
l., Sands, R. E., Pei, D., Savage, P. J., & Bergman, R. N. (1994). A Comparison
Between the Minimal Model and the Glucose Clamp in the Assessment of
Insulin Sensitivity Across the Spectrum of Glucose Tolerance. Diabetes, 43(9),
1114-1121. https://doi.org/10.2337/diab.43.9.1114

Selvin, E., Wang, D., Rooney, M. R., Fang, M., Echouffo-Tcheugui, J. B., Zeger, S.,
Sartini, J., Tang, O., Coresh, J., Nisha Aurora, R., & Punjabi, N. M. (2023).
Within-Person and Between-Sensor Variability in Continuous Glucose
Monitoring Metrics. Clinical Chemistry, 69(2), 180-188.
https://doi.org/10.1093/clinchem/hvac192

Shankar, S. S., Vella, A., Raymond, R. H., Staten, M. A, Calle, R. A., Bergman, R.
N., Cao, C., Chen, D., Cobelli, C., Dalla Man, C., Deeg, M., Dong, J. Q., Lee, D.
S., Polidori, D., Robertson, R. P., Ruetten, H., Stefanovski, D., Vassileva, M. T.,
Weir, G. C., & Fryburg, D. A. (2016). Standardized Mixed-Meal Tolerance and
Arginine Stimulation Tests Provide Reproducible and Complementary Measures
of B-Cell Function: Results From the Foundation for the National Institutes of
Health Biomarkers Consortium Investigative Series. Diabetes Care, 39(9),
1602—-1613. https://doi.org/10.2337/dc15-0931

Simon, D., Senan, C., Balkau, B., Saint-Paul, M., Thibult, N., & Eschweége, E. (1999).
Reproducibility of HbA1c in a healthy adult population: the Telecom Study.
Diabetes Care, 22(8), 1361-1363. https://doi.org/10.2337/diacare.22.8.1361

Sinha, M., McKeon, K. M., Parker, S., Goergen, L. G., Zheng, H., El-Khatib, F. H., &
Russell, S. J. (2017). A Comparison of Time Delay in Three Continuous Glucose
Monitors for Adolescents and Adults. Journal of Diabetes Science and
Technology, 11(6), 1132—1137. https://doi.org/10.1177/1932296817704443

Skajaa, G. O., Fuglsang, J., Knorr, S., Mgller, N., Ovesen, P., & Kampmann, U.
(2020). Changes in insulin sensitivity and insulin secretion during pregnancy and
post partum in women with gestational diabetes. BMJ Open Diabetes Research
& Care, 8(2), e001728. https://doi.org/10.1136/bmjdrc-2020-001728

Sowell, M., Mukhopadhyay, N., Cavazzoni, P., Carlson, C., Mudaliar, S.,
Chinnapongse, S., Ray, A., Davis, T., Breier, A., Henry, R. R., & Dananberg, J.
(2003). Evaluation of Insulin Sensitivity in Healthy Volunteers Treated with
Olanzapine, Risperidone, or Placebo: A Prospective, Randomized Study Using
the Two-Step Hyperinsulinemic, Euglycemic Clamp. The Journal of Clinical
Endocrinology & Metabolism, 88(12), 5875-5880.
https://doi.org/10.1210/jc.2002-021884

Steineck, I. I. K., Mahmoudi, Z., Ranjan, A., Schmidt, S., Jargensen, J. B., &
Ngrgaard, K. (2019). Comparison of Continuous Glucose Monitoring Accuracy
Between Abdominal and Upper Arm Insertion Sites. Diabetes Technology &



1088

1089
1090
1091
1092

1093
1094
1095

1096
1097
1098

1099
1100
1101
1102

1103
1104
1105
1106
1107

1108
1109
1110

1111
1112
1113
1114
1115

1116
1117
1118

1119

Therapeutics, 21(5), 295-302. https://doi.org/10.1089/dia.2019.0014

Stumvoll, M., Mitrakou, A., Pimenta, W., Jenssen, T., Yki-Jarvinen, H., Van Haeften,
T., Renn, W., & Gerich, J. (2000). Use of the oral glucose tolerance test to
assess insulin release and insulin sensitivity. Diabetes Care, 23(3), 295-301.
https://doi.org/10.2337/diacare.23.3.295

Tam, C. S., Xie, W., Johnson, W. D., Cefalu, W. T., Redman, L. M., & Ravussin, E.
(2012). Defining Insulin Resistance From Hyperinsulinemic-Euglycemic Clamps.
Diabetes Care, 35(7), 1605-1610. https://doi.org/10.2337/dc11-2339

Toffolo, G., & Cobelli, C. (2003). The hot IVGTT two-compartment minimal model: an
improved version. American Journal of Physiology-Endocrinology and
Metabolism, 284(2), E317—E321. https://doi.org/10.1152/ajpendo.00499.2001

Tompkins, C. L., Cefalu, W., Ravussin, E., Goran, M., Soros, A., Volaufova, J.,
Vargas, A., & Sothern, M. S. (2010). Feasibility of intravenous glucose tolerance
testing prior to puberty. International Journal of Pediatric Obesity, 5(1), 51-55.
https://doi.org/10.3109/17477160903055937

Tozzo, V., Genco, M., Omololu, S. O., Mow, C., Patel, H. R., Patel, C. H., Ho, S. N.,
Lam, E., Abdulsater, B., Patel, N., Cohen, R. M., Nathan, D. M., Powe, C. E.,
Wexler, D. J., & Higgins, J. M. (2024). Estimating Glycemia From HbA1c and
CGM: Analysis of Accuracy and Sources of Discrepancy. Diabetes Care, 47(3),
460—466. https://doi.org/10.2337/dc23-1177

Trikudanathan, S., Raji, A., Chamarthi, B., Seely, E. W., & Simonson, D. C. (2013).
Comparison of insulin sensitivity measures in South Asians. Metabolism, 62(10),
1448-1454. https://doi.org/10.1016/j.metabol.2013.05.016

Uwaifo, G. I., Parikh, S. J., Keil, M., Elberg, J., Chin, J., & Yanovski, J. A. (2002).
Comparison of Insulin Sensitivity, Clearance, and Secretion Estimates Using
Euglycemic and Hyperglycemic Clamps in Children. The Journal of Clinical
Endocrinology & Metabolism, 87(6), 2899—-2905.
https://doi.org/10.1210/jcem.87.6.8578

Wallace, T. M., Levy, J. C., & Matthews, D. R. (2004). Use and Abuse of HOMA
Modeling. Diabetes Care, 27(6), 1487-1495.
https://doi.org/10.2337/diacare.27.6.1487



B — 2N —




I

Measurements of
insulin and

Frequent

glucose <«——— blood

concentrations

samples

2

Variable glucose
infusion

Stable S 1B

Isotope |

S
T
1

S

Blood glucose
regularly adjusted

Suppression of
hepatic glucose
production

.-
High ..--~
insulin
infusion Stimulation of

glucose disposal
into tissue

Maintenance of
basal glucose
concentration
(4-6mmol/L)

Hyperinsulinaemic euglycaemic clamp = constant high infusion of insulin, variable glucose to maintain steady state conditions



SuoI1eJlUB2U0d JlwaedA|b1adAy urelurew o} uoisnjul 8soan|b ybiy = dweo oiwaedA|bladAH

W& ww_QEmm Suol]lelluaduod

poo|q ——p ulnsul pue asoon|b
1uanbal4 JO sjuswWalInses|n

9Nss|} Ojul

oy eidn asoon|b
sajowo.d ulnsuy| SUOIEIIUSOUOD
olwaeoA|biadAy
UOI119109s uljnsul ulejulew
|I90-g seienwnng Ol uoisnjul
9soon|b
snonuiuo9




Measurements Frequent
of glucose and blood

|nsuI|n_ samples
concentrations

Minimal model to
estimate insulin

sensitivity

modified IVGTT

08 o
2 o
Glucose Insulin
+ (Stable (20 minutes

post glucose
injection)
Exogenous insulin
helps promote
glucose uptake into
tissue

Isotope)

Stimulates . M-
insulin 5 I
secretion R

R
. .

) A gl
S

Return to basal

_— .
concentrations

Insulin promotes
glucose uptake
into tissue



120 mins
0 min;.‘ E

=
NS

or Glucose

| o off mins mins

Time
Blood glucose
concentration
Incretine B0 increases
L EE Glucose uptake
released {8 ) 55 into tissue
4 7/2/4’“/ 8.8 Blood glucose
E— S, — — , concentration
e returns to basal

Glucose and incretins
stimulate insulin secretion
from B-cells



