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A B S T R A C T

Background: Continuous glucose monitors (CGM) are used to characterize postprandial glycemia, yet no study has directly tested how different test
foods/beverages alter CGM accuracy.
Objectives: Assess glycemic responses to test foods/drinks using CGM compared with capillary sampling (criterion).
Methods: Fifteen healthy females (n ¼ 9) and males (n ¼ 6) completed 7 laboratory visits in a randomized crossover design with �48 h washout between
visits. During each visit, participants consumed an oral carbohydrate challenge comprising either 50 g glucose or equivalent 50 g carbohydrate as whole
fruits, 50 g carbohydrate as blended fruit, 50 g carbohydrate as commercially available fruit smoothie, 50 g carbohydrate as commercially available fruit
smoothie ingested over 30 � 4 min, 50 g carbohydrate as commercially available fruit smoothie with 5 g inulin, 30 g carbohydrate as commercially
available fruit smoothie. The glycemia was recorded from both CGM and capillary samples every 15 min for 120 min and expressed as incremental areas
under the curve. The glycemic index (GI) was calculated relative to 50 g glucose where appropriate. Exploratory analyses examined 1) interindividual
heterogeneity of CGM bias compared with criterion and 2) whether CGM bias could be improved with adjustment for baseline differences.
Results: CGM-estimated fasting and postprandial glucose concentrations were (mean � standard deviation) 0.9 � 0.6 and 0.9 � 0.5 mmol/L higher than
capillary estimates, respectively(both, P < 0.001). CGM bias varied by postprandial test such that GI for 50 g carbohydrate as commercially available
fruit smoothie was higher with CGM (69; 95% confidence interval: 48, 99) compared with capillary (53; 95% confidence interval: 40, 69; P ¼ 0.05).
Furthermore, differences in CGM compared with capillary fasting glucose concentrations varied by participant (P ¼ 0.001). Unadjusted, CGM over-
estimated time >7.8 mmol/L by ~4-fold, and adjustment for baseline differences reduced this overestimate to ~2-fold (both P < 0.01).
Conclusions: CGM overestimated glycemic responses in numerous contexts. At times, this can mischaracterize the GI. In addition, there is interindi-
vidual heterogeneity in the accuracy of CGM in estimating fasting glucose concentrations. Correction for this difference reduces, but does not eliminate,
postprandial overestimate of glycemia by CGM. Caution should be applied when inferring absolute or relative glycemic responses to foods using CGM,
and capillary sampling should be prioritized for accurate quantification of glycemic response.
This trial was registered at clinicaltrials.gov as NCT06333184.
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Introduction

Glycemic responses to foods are an important component of
health and can also be used to characterize some properties of foods
and other behaviors (e.g., physical activity [1]). Mild sustained
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increases in glycemia (7.8 mmol/L compared with 5.2 mmol/L)
induced by infusion raise fasting glycemia and whole-body insulin
resistance and impair β-cell function in healthy people within days
[2], and even more modest increases in glycemia induce hepatic
insulin resistance [3]. Therefore, characterizing glycemia, even
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within the normoglycemic range, is of relevance to cardiometabolic
health.

The glycemic index (GI) is a way to classify foods based on how
much and for how long they increase glycemia after a meal, expressed
relative to a reference (typically 100% glucose). The glycemic response
to foods can be influenced by the food’s physical structure and the type
of carbohydrate and noncarbohydrate (e.g., fiber) components [4,5]. It
is recommended that glycemic response to foods be characterized using
fingertip capillary or arterialized-venous blood since mixed venous
blood can introduce greater variation and reduce sensitivity [5,6].
Capillary blood is, in fact, the criterion method for GI measurement [5].

Continuous glucose monitors (CGM) are increasingly being used to
assess glucose responses to foods in people without diabetes [7,8] and
were recently approved for over-the-counter purchase in the United
States for this purpose [9]. The validity of CGM has largely been based
on comparisons against venous or capillary blood glucose measures
taken at various times across a day [10]. Whether CGM can effectively
reflect glycemic responses and characterize the GI of foods and bever-
ages is currently unclear [11]. Since CGM samples interstitial fluid and
indirectly estimates blood glucose concentrations, there is good reason
to expect differences between CGM and capillary glucose measures.
Since interstitial and capillary blood glucose concentrations are likely to
be influenced by glucose fluxes and blood flow (among other factors),
different CGM errors could vary by people and with different foods/-
beverages. Indeed, when different types of CGM are worn simulta-
neously, glycemic responses to various foods are differentially ranked
[12]. If this is systematically different from the ingestion of pure glucose,
then this also has implications for the quantification of GI. To date, no
study has directly compared the measurement of glycemic responses
with CGMcompared with criterion methods across several postprandial
tests. Accordingly, this study aimed to compare glucose responses to
different oral carbohydrate challenges (foods andfluids) whenmeasured
using CGM compared with the criterion method of capillary blood
sampling. It was hypothesized that due to the lack of direct sampling
from blood, CGM would provide different estimates of blood glucose
concentrations than the criterion method and that this difference may
vary by postprandial test and potential by individuals.
Methods

Study design
The study was an open-label, randomized crossover design with 7

experimental conditions separated by at least a 2-d washout between
consecutive visits (maximum 3 mo; median 3 d). The protocol received
a favorable opinion from the University of Bath, Biomedical Sciences
Research Ethics Committee (reference: 3085-4215) and was preregis-
tered at clinicaltrials.gov (NCT06333184). Participants provided
informed, written consent prior to participation. The study was con-
ducted in line with the latest version of the Declaration of Helsinki [13].
The current study was performed in line with all of the recommenda-
tions for GI testing that are provided by Brouns et al. [5]. Other than the
replication of the reference condition. This decision was made based on
the trade-offs between the precision of GI estimates and the increase in
the number of different postprandial tests available to compare CGM
with capillary sampling.
Participants
Participants were healthy adult males and females from the area

local to Bath, United Kingdom (recruited and tested between March
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2024 and August 2024) and were aged 18–65 y with a BMI (in kg/m2)
between 18 and 30. Exclusion criteria included: diagnosis of any form
of diabetes; intolerances or allergies to any of the study procedures
(e.g., fructose/inulin intolerance); fructose malabsorption; inborn errors
of fructose metabolism (e.g., fructokinase deficiency, aldolase B defi-
ciency, fructose-1,6-bisphosphatase deficiency); pregnant or lactating;
any condition that could introduce bias to the study (e.g., diagnoses of
lipid disorders, including cardiovascular disease, or therapies that alter
lipid or glucose metabolism, such as statins or niacin). All exclusion
criteria were based on self-reporting. Participants were provided with
£210 upon completion of the study.
Randomization
Following screening (eligibility assessment), participants were

allocated the randomly generated sequence of conditions. The condition
assigned to the first visit was counterbalanced, and conditions assigned
to the remaining visits were performed in a random order (randomly
assigned by JTG using www.randomizer.org; Supplemental Table 1).
Pretrial standardization
In line with GI testing guidelines [5], participants avoided unusual

vigorous activity (i.e., vigorous activity was permitted if this was part
of a usual schedule) and ate their normal diet on the day before labo-
ratory visits. The evening meal before visits was a meal of their choice
prior to their first trial (no alcohol permitted), which was replicated for
subsequent visits (timing and type of meal). Smoking was not
permitted on the day of laboratory visits. Compliance with these
measures was by self-report. Participants were fitted with a CGM by a
member of the research team at a place of convenience �24 h prior to
the first test drink to avoid reduced accuracy in the initial 24-h wear
time [10]. These monitors remained in place for�14 d or were replaced
if they failed or became loose.
Laboratory visits
On laboratory visit days, participants arrived in a rested, overnight

fasted state. Body mass was recorded. Participants were seated for the
first blood sample and for the remainder of the test period, with only
brief short walks to the toilets permitted. Mean (range) ambient tem-
perature, humidity, and pressure were 20.2�C (18.4–22.3�C), 33.4%
(30.0–42.0%), and 764 mmHg (736–791 mmHg). A baseline finger-
stick blood sample was taken in duplicate. Participants then began
ingestion of the test drink/food, and further blood samples were taken
in duplicate at 15 min, 30 min, 45 min, 60 min, 90 min, and 120 min
after the first sip/mouthful. The nutrient composition of the test drinks/
food is displayed in Table 1.
Measurements and analyses
Capillary blood glucose concentrations were measured in duplicate

at each timepoint using a handheld monitor (Abbott Optium Neo Blood
Glucose Monitor), and interstitial glucose concentrations were deter-
mined using a CGM (Abbot Freestyle Libre 2). Two to three sensors
were used for each participant, depending on the schedule of visits and
sensor failure. Capillary sampling was performed with minimal
squeezing of the fingertip, and heating was not needed. The handheld
glucose monitor was calibrated prior to each test according to the
manufacturer’s instructions (Glucose control solution; MediSense).
Lower and upper limits of detection for this device are 1.1 mmol/L and
27.7 mmol/L, respectively. Data all fell within these ranges. The CGM
was factory-calibrated by the manufacturer.

http://clinicaltrials.gov
http://www.randomizer.org


TABLE 1
Main laboratory visits and drink/food composition.

Condition Carbohydrate
(g)

Volume
(mL)

Ingestion
time (min)

Fat
(g)

Protein
(g)

Fiber
(g)

Ingredients/description Fructose:
glucose (ratio)

Hypothesized
response relative
to PRODUCT

CONTROL1 50 417 <5 min - - - 50 g glucose (55 g dextrose
powder accounting for
hydration) plus 417 mL water

0 ↑

PRODUCT2 50 417 <5 min <0.5 <0.5 5 417 mL of commercially
available “mangoes, passion
fruits, and apples” fruit smoothie
providing 50 g carbohydrate

1.8 N/A

WHOLE7 50 417 <5 min <0.5 <0.5 5 Apples (51%), mango (16%),
banana (16%), orange (12%),
passionfruit (3%, peach (2%),
lime (0.4%, recipe matched to
PRODUCT) eaten as whole fruit
with added water as needed to
match the volume

1.2 ↓

BLEND6 50 417 <5 min <0.5 <0.5 5 Apples (51%), mango (16%),
banana (16%), orange (12%),
passionfruit (3%, peach (2%),
lime (0.4%, recipe matched to
PRODUCT) eaten as blended
fruit with added water as needed
to match the volume

1.2 ¼

SLOW4 50 417 >25 min, <35 min <0.5 <0.5 5 417 mL of commercially
available “mangoes, passion
fruits, and apples” fruit smoothie
providing 50 g carbohydrate
ingested slowly over 25–35 min

1.8 ↓

FIBER3 50 417 <5 min <0.5 <0.5 10 417 mL of commercially
available “mangoes, passion
fruits, and apples” fruit smoothie
providing 50 g carbohydrate
with 5 g of added inulin

1.8 ↓

DOSE5 30 250 <5 min <0.5 <0.5 4 250 mL of commercially
available “mangoes, passion
fruits, and apples” fruit smoothie
providing 30 g carbohydrate

1.8 ↓

Up arrow ¼ increase, down arrow ¼ decrease.
N/A, Not applicable.
1 50 g glucose,
2 commercially available fruit smoothie ingested alone within 5 min,
3 with 5 g inulin,
4 ingested slowly over ~30 min,
5 ingested as a 30 g dose of carbohydrate,
6 ingested as blended fruit with the same ingredients, or
7 ingested as whole fruit, n ¼ 15 healthy adults.
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Sample size justification
When adhering to best practice guidelines for GI methodology [5],

10 participants provide a reasonable degree of power (>80%) and pre-
cision for most purposes of measuring GI, and differences that require
larger sample sizes are unlikely to be biologically meaningful for people
without diabetes [5]. We therefore recruited 15 participants to account
for a potential dropout of�33%. Further justification for this was based
on prior evidence that suggests the GI of the 50 g carbohydrate as a
commercially available fruit smoothie (PRODUCT) is <40 (i.e., low
[14]).With test foods that have aGI of 40, 15 participants should provide
a margin of error for a 95% confidence interval (CI) of <10 GI and
provide>80% power to detect a difference in GI of�12 [5], and thus is
sufficient to distinguish between most GI categories.
1027
Statistical analyses
Data were analyzed in Prism v10.2.3 (GraphPad Software). The

mean of duplicate capillary samples was calculated for the criterion
measure. The coefficient of variation (percentage) for duplicate samples
was also calculated to establish the between-sample variance. The dis-
tribution of data was assessed by visual inspection of Q-Q plots in
addition to the Shapiro-Wilk test. Glucose concentrations (capillary and
interstitial) were converted into the incremental AUC (iAUC) using the
trapezoidal rule using timepoints 0min, 15min, 30min, 45min, 60min,
90 min, and 120 min [15]. The iAUC for PRODUCT, 50 g carbohydrate
as whole fruit (WHOLE), 50 g carbohydrate as blended fruit (BLEND),
and 50 g carbohydrate as commercially available fruit smoothie with
added inulin (FIBER) was expressed as a percentage of 50 g glucose
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(CONTROL) (i.e., the GI [5]) and classified as either low GI (<56),
moderate GI (56–69) or high GI (>69). Since 30 g carbohydrate as a
commercially available fruit smoothie (DOSE) and 50 g carbohydrate as
a commercially available fruit smoothie ingested over ~30min (SLOW)
did not adhere to GI testing guidelines (i.e., consumption within 5–10
min for fluids, 10–20 min for solids, and 50 g available carbohydrate),
these conditions were assessed with iAUC but not with GI.

Paired Student’s t-tests (or Wilcoxon matched-pairs signed rank tests
where appropriate; lower case p denotes use of t-test and upper case P
denotes use of Wilcoxon test) were performed to assess the following
prespecified comparisons: capillary compared with interstitial GI for
PRODUCT, WHOLE, BLEND, and FIBER, and capillary compared
with interstitial iAUC for all conditions. One-way analysis of variance
(ANOVA) was used to compare 1) the iAUC between each condition
using capillary sampling and 2) the iAUC between each condition using
interstitial sampling. Two-way (sampling method and condition),
repeated-measures ANOVA (with Greenhouse-Geisser correction) were
used to assess the sampling method-by-condition interaction for the
iAUC, peak glucose concentrations, and time-to-peak glucose concen-
trations. Two-way (sampling method by time) repeated-measures
ANOVA was used to assess the sampling method by time interaction
for each condition. To examine the potential impact on interpretations of
time-in-range (or time-out-of-range), the time spent above the American
Diabetes Association secondary target range (7.8 mmol/L [16]) was
calculated for each participant and summed across all 7 laboratory visits.
This value was also chosen on the basis of the magnitude of glycemia
shown to elicit increases in fasting glycemia and insulin resistance in
normoglycemic individuals [2]. To assess the potential for interindividual
heterogeneity of the accuracy of interstitial sampling to estimate capillary
glucose concentrations, the 7 replicates of fasting glucose concentration
for each participant were used, and differences between participantswere
assessed by a 1-way ANOVA. Pearson’s product-moment correlation
coefficients were used to quantify the associations between participant
characteristics and the interstitial-capillary difference in fasting glucose
concentrations. Thresholds of 0.1, 0.3, and 0.5 were used to infer cor-
relations as small, moderate, and large, respectively [17]. All data are
presented as mean � SD (or 95% CI) unless stated otherwise, and the α
level was set at 0.05. Since all GI data displayed evidence of non-normal
distribution of raw values and of residuals (which is expected due to the
nature of GI being a ratio), the GI values are presented as geometric
means, and comparisons between CGM and the criterion method were
assessed by Wilcoxon matched-pairs signed rank test. The minimum
clinically-important differences (MCID) were determined using prior
literature [18]. For GI, theMCIDwas 10 on the basis that this reflects the
boundary between low and high GI, and the MCID for fasting glucose
concentrationwas considered to be 0.5mmol/Lon thebasis that this is the
smallest difference shown to be associated with mortality [19]. An
exploratory analysis was also performed to establish whether the CGM
method could be improved by a correction factor. The difference in CGM
compared with criterion glucose concentration in the fasted state was
used to adjust the CGM values on an individual basis (e.g., if CGM¼ 5
FIGURE 1. Glucose concentrations measured using continuous glucose monito
carbohydrate as whole fruit (WHOLE; A), 50 g carbohydrate as blended fruit (BLE
within 5 min (PRODUCT; C), as a 30 g carbohydrate as commercially available
smoothie ingested over ~30 min (SLOW; E), 50 g carbohydrate as commercially a
(CONTROL; G), n ¼ 15 healthy adults. Data are mean � 95% CI. The black aster
relates to P < 0.05 for CGMadj compared with the criterion. CGMadj represents t
compared with the criterion method. CGMadj, continuous glucose monitor adjus
samples; CI, confidence interval.
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mmol/L in the fasted state, and criterion¼ 4.5 mmol/L, all CGMdata for
that participant during that postprandial test were expressed as the re-
ported CGM value minus 0.5 mmol/L). Where this adjustment has been
performed, this is expressed as CGMadj. This was not performed for GI
data, iAUC, or time-to-peak, as the adjusted baseline bias makes no
difference to these data.
Results

Fifteen participants were recruited (9 females and 6 males), and all
participants completed all laboratory visits. The mean age� SD, stature,
bodymass, and BMI of participantswere 34� 14 y, 1.75� 0.10m, 74�
10 kg and 24.05 � 2.6. The coefficient of variation for duplicates of
fasting and postprandial capillary glucose concentrations were 3.5 �
2.8% and 3.2 � 2.8%, respectively, and neither were significantly
different from the 3% recommended as threshold for use (P> 0.05 for all
timepoints). The mean start time of tests was 08:51 (range 06:50–11:00)
and was standardized within individuals to within 1 h between tests. The
time taken to ingest CONTROL was 3 � 2 min, PRODUCTwas 2 � 1
min, FIBER was 3� 2 min, DOSE was 2� 1 min, BLEND was 4� 1,
WHOLE was 7 � 3, and SLOW was 30 � 4 min.

Glucose concentrations over time for each condition are presented
in Figure 1. The main effects of time, main effects of the sampling
method, and time-by-sampling method interaction effects were detec-
ted in all conditions (all P < 0.001). The typical pattern across all
conditions was that, in the fasted state, CGM reported higher glucose
concentrations than the criterion. Following the ingestion of the test
drinks/foods, glucose concentrations rose to a greater extent with CGM
than with the criterion method. This overestimation persisted, albeit to
a lesser extent, with CGMadj.

The increase in glucose concentrations measured with CGM
compared with the criterion method resulted in a >3.8-fold increase in
the time spent above 7.8 mmol/L across the 7 conditions (Figure 2A)
and was still overestimated by ~2-fold with CGMadj. CGM over-
estimated time >7.8 mmol/L in all participants, with slight improve-
ment when expressed as CGMadj (Figure 2B).

The glucose iAUC was consistently higher for CGM than the cri-
terion (main effect of sampling method, P ¼ 0.009), and the glucose
iAUC differed across conditions (main effect of condition, P <

0.0001). No sampling method-by-condition interaction effect was
detected for glucose iAUC (P¼ 0.194). Post hoc differences in glucose
iAUC between conditions are displayed in Table 2 and Figure 3A. The
rank order for iAUC (from highest to lowest) based on the criterion
method was CONTROL > SLOW > BLEND > PRODUCT >

WHOLE > FIBER > DOSE. Whereas the rank order for iAUC (from
highest to lowest) based on the CGM method was CONTROL >

SLOW> PRODUCT> FIBER> BLEND>DOSE>WHOLE. Peak
glucose concentrations were higher with CGM compared with the
criterion method (main effect of sampling method, P < 0.0001), and
peak glucose concentrations differed across conditions (main effect of
r (CGM) or capillary blood (criterion) in response to ingestion of 50 g of
ND; B), 50 g carbohydrate as commercially available fruit smoothie ingested
fruit smoothie (DOSE; D), 50 g carbohydrate as commercially available fruit
vailable fruit smoothie ingested with 5 g inulin (FIBER; F), and 50 g glucose
isk relates to P < 0.05 for CGM compared with the criterion. The red asterisk
he CGM values adjusted for the difference in fasting glucose concentrations
ted for the difference in fasting glucose concentrations relative to capillary



FIGURE 2. Time out of range (>7.8 mmol/L) when the glucose concentrations measured using continuous glucose monitor (CGM), CGM adjusted for the
difference in fasting glucose from the criterion method (CGMadj) or capillary blood (criterion) across postprandial periods were summed expressed as means �
95% CI (A) and as the correlation between criterion and CGM (B), n ¼ 15 healthy adults. CI, confidence interval.
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condition, P < 0.001). No sampling method-by-condition interaction
effect was detected for peak glucose concentrations (P ¼ 0.903). Post
hoc differences in peak glucose between conditions are displayed in
Table 2 and Figure 3B. Time-to-peak glucose was around 5–12 min
later for CGM compared with the criterion method (main effect of
sampling method, P < 0.0001), and time-to-peak glucose concentra-
tions differed across conditions (main effect of condition, P < 0.001).
No sampling method-by-condition interaction effect was detected for
time-to-peak glucose concentrations (P ¼ 0.481). Post hoc differences
in time-to-peak glucose concentrations between conditions are dis-
played in Table 2 and Figure 3C.

When using the criterion method, the GI for WHOLE, BLEND,
FIBER, and PRODUCT were all “low” (all P > 0.05 for comparisons
between test drinks/food; Supplemental Figure 1). In contrast, when
using CGM, the GIs for WHOLE, BLEND, and PRODUCT were
medium, and the GI for FIBER was high (P ¼ 0.05 for FIBER and
PRODUCT when comparing CGM with the criterion method; Sup-
plemental Figure 1).

The degree to which fasting glucose concentrations were higher with
CGM compared with criterion varied by participant (P < 0.001;
Figure 4). Furthermore, the between-participant SD in this CGM bias
was higher than the MCID of 0.5 mmol/L (between-participant SD: 0.6
� 0.1 mmol/L). The interindividual heterogeneity of CGM compared
with criterion difference could not be explained by fasting glucose
concentrations (Figure 5A), BMI (Figure 5B), age (Figure 5C), or
glucose tolerance (Figure 5D). The correlation between days of sensor
use and the CGMcomparedwith criterion difference was also negligible
(r¼ 0.03; 95%CI: –0.17, 0.22;P¼ 0.79; Supplemental Figure 2A). The
meanwithin-device SDwas 0.35�0.09mmol/L, comparedwith amean
between-device SD of 0.32 � 0.26 mmol/L (Supplemental Figure 2B).

Discussion

These data demonstrate that the validity of CGM to estimate
glycemia depends on both the test food ingested and the participant –
specifically, the glycemic response to some foods (such as
commercially available smoothies) is systematically overestimated,
and fasting glycemia is overestimated more so in some individuals than
1030
others. CGM also overestimates time-out-of-range, and calibration of
the continuous glucose monitor based on the difference in fasting
glucose concentration attenuates, but does not eliminate this over-
estimatation. Furthermore, the data demonstrate little difference in the
GI when the fruit is consumed in whole form or as various forms of
smoothie. These findings have numerous implications for the use of
CGM to accurately quantify the GI and glycemic responses. For
example, companies now encourage people to use CGM to guide
lifestyle choices with a target of maintaining blood glucose in a specific
range, and these devices can be bought “over-the-counter” [8,9]. These
data suggest that CGM may overestimate the time that healthy people
spend outside this range and misrepresent the relative glycemic
response of certain beverages, thereby misleading people about nutri-
tional strategies to lower postprandial glycemia.

CGM is increasingly used to quantify glycemic responses to meals
in healthy adults [7]. Although prevalence is unclear, there are now
several companies offering CGM for the general population [8], albeit
cost may be a significant barrier to many and bias this population to
higher socioeconomic status groups. CGM measures glucose concen-
trations in interstitial fluid rather than in the circulation and then esti-
mates the systemic glucose concentration. Since most of the bodily
tissues receive arterial blood from the heart, arterial glucose concen-
trations are often the primary measurement of interest in whole-body
glucose exposure and glycemic responses/control [5], and sampling
from other compartments can introduce artifacts from local tissue
metabolism and/or delays in equilibration of glucose between com-
partments. However, sampling arterial blood is technically challenging,
and fingertip capillary blood can provide an adequate representation of
arterial blood glucose concentrations without the same risks or tech-
nical challenges. Accordingly, fingertip capillary blood is considered
the gold-standard method of measuring glycemic responses to foods
[5]. Whether the measurement of interstitial glucose concentrations
from CGM can adequately quantify glycemic responses to foods has
been unclear. The data from the current study demonstrate that CGM
overestimates fasting and postprandial glucose concentrations on
average and leads to an overestimation of relative hyperglycemia by
>3-fold (reduced to ~2-fold when adjusting/calibrating for baseline
differences against the criterion). Furthermore, the degree to which



TABLE 2
Incremental AUC, peak concentrations, and time-to-peak concentrations for glucose measured using continuous glucose monitor or capillary blood following
ingestion of various test drinks/foods in healthy adults.

Condition iAUC (mmol/L x 120 min) Peak (mmol/L) Time-to-peak (min)

Criterion1 CGM2 Mean
difference
(95% CI)

P value Criterion CGM Mean
difference
(95% CI)

P value Criterion CGM Mean
difference
(95% CI)

P value

CONTROL3 181 � 114 181 � 119 1 (–17, 18) 0.935 8.1 � 1.4 9.5 � 1.4 1.4
(0.8, 2.0)

0.001 29 � 19 37 � 11 8 (1, 15) 0.041

PRODUCT4 95 � 56 123 � 76 29 (9, 48) 0.012 7.2 � 0.9 8.8 � 1.2 1.6
(1.2, 2.0)

<0.001 33 � 8 39 � 9 6 (2, 10) 0.009

FIBER5 93 � 50 119 � 54 26 (15, 38) 0.001 7.1 � 0.9 8.5 � 1.4 1.4
(1.0, 1.9)

<0.001 29 � 9 41 � 9 12 (9, 15) <0.001

SLOW6 127 � 57 135 � 66 9 (–9, 27) 0.358 7.5 � 1.0 9.1 � 1.3 1.5
(1.0, 2.1)

<0.001 42 � 10 47 � 13 5 (–3, 13) 0.238

DOSE7 87 � 61 94 � 59 8 (–13, 28) 0.488 7.0 � 1.0 8.5 � 0.8 1.6
(1.2, 1.9)

<0.001 32 � 10 40 � 9 8 (4, 12) 0.001

BLEND8 98 � 77 107 � 68 9 (–8, 26) 0.307 7.1 � 1.0 8.4 � 1.4 1.3
(1.0, 1.7)

<0.001 30 � 8 39 � 8 9 (5, 13) <0.001

WHOLE9 93 � 68 93 � 48 1 (–22, 24) 0.947 7.1 � 1.1 8.3 � 1.1 1.2
(0.8, 1.6)

<0.001 28 � 8 39 � 8 11 (8, 14) <0.001

Data are mean � SD (or 95% CI).
Abbreviations: AUC, area under the curve; CGM, continuous glucose monitor; CI, confidence interval; iAUC, incremental area under the curve; SD, standard
deviation.
1 Capillary blood,
2 continuous glucose monitor,
3 50 g glucose,
4 commercially available fruit smoothie ingested alone within 5 min,
5 with 5 g inulin,
6 ingested slowly over ~30 min,
7 ingested as a 30 g dose of carbohydrate,
8 ingested as blended fruit with the same ingredients, or
9 ingested as whole fruit. n ¼ 15 healthy adults.

FIGURE 3. Mean differences (95% CI) in the incremental AUC(iAUC; A), in peak (B) and time-to-peak (C) glucose concentrations using continuous glucose
monitor (CGM) CGM adjusted for the difference in fasting glucose from the criterion method (CGMadj) or capillary blood (criterion) in response to ingestion of
50 g of carbohydrate as whole fruit (WHOLE), 50 g carbohydrate as blended fruit (BLEND), 50 g carbohydrate as commercially available fruit smoothie
ingested within 5 min (PRODUCT), as a 30 g carbohydrate as commercially available fruit smoothie (DOSE), 50 g carbohydrate as commercially available fruit
smoothie ingested over ~30 min (SLOW), 50 g carbohydrate as commercially available fruit smoothie ingested with 5 g inulin (FIBER), and 50 g glucose
(CONTROL), n ¼ 15 healthy adults. CI, confidence interval; iAUC, incremental area under the glucose curve.
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FIGURE 4. Difference in continuous glucose monitor (CGM) compared
with criterion (capillary blood) glucose concentration in the fasted state. Each
bar represents the mean � 95% CI of 7 replicates for each participant, n ¼ 15
healthy adults. CI, confidence interval.
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CGM overestimates glycemia depends on the individual and the test
food ingested (which unfortunately means that no single correction
factor can be used to remove this bias for all individuals in all contexts
– i.e., the estimate is neither valid nor reliable between different as-
sessments). Accordingly, the rank order of glycemic response was
different for 5 out of the 7 test beverages/foods with CGM compared
with the criterion method. This presents several challenges in relation
to the use of CGM for quantifying glycemic responses to foods.

The glycemic response to a food is often characterized relative to a
reference of CONTROL (or sometimes 50 g carbohydrate from white
bread). The iAUC of a test food relative to the reference food is the GI
(i.e., an iAUC, which is 50% of the reference food, means the GI is 50).
If the bias in glucose concentrations between CGM and capillary
FIGURE 5. Difference in fasting continuous glucose monitor (CGM) compared w
fasting CGM and criterion glucose concentration (A), BMI (B), age (C), and gluco
the 95% CI of 7 replicates for each participant where available, n ¼ 15 healthy ad
under the curve.
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samples were consistent, then the use of a reference food would
normalize glucose responses such that CGM could be used to quantify
the relative differences in glycemic responses to foods. The data in the
current study, however, demonstrate that the magnitude of difference in
glucose concentration between CGM and capillary glucose varies by
test food, such that the GI for commercially available smoothies was
overestimated by CGM to such a degree that it entered the “high GI”
category, compared with “medium GI” based on capillary sampling.
The reasons for this inaccuracy could be due to the direct effects of the
properties of the foods and/or subsequent effects on physiology and
metabolism. For example, antioxidants such as vitamin C have been
shown to overestimate glucose concentrations with CGM [20],
although with 1000 mg vitamin C, the bias in glucose concentration
was 0.5 mmol/L, and the vitamin C content of the commercial smoothie
was<100 mg. It is, therefore, unlikely that the vitamin C content of the
smoothies can explain the inaccuracy of GI quantification. Further
support for this comes from the observation that continuous glucose
monitoring was able to accurately classify the blended fruit condition
(shop-bought fruit in the same recipe as the commercial smoothie and
blended into a smoothie), which would also contain vitamin C. The
variance between drinks in the accuracy of CGM may, therefore, be
more heavily influenced by effects on glucose fluxes between the
circulating and interstitial pools. The implications of this are that when
accurate quantification of the glycemic response to foods is the primary
goal, capillary sampling should be prioritized over continuous glucose
monitoring.

The composition and physical structure of food can influence rates
of digestion, intestinal absorption, and metabolism of carbohydrates
and thus alter glucose kinetics and, potentially, glucose concentrations.
We therefore compared the glycemic responses to manipulating the
ith criterion (capillary blood) glucose concentration in relation to the mean of
se tolerance (D). Each dot represents a single participant; error bars represent
ults. BMI, body mass index; CI, confidence interval; iAUC, incremental area
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physical form (whole fruit compared with blended), added fiber rate of
ingestion, and the dose of carbohydrate. We found no evidence that
these factors made a meaningful difference in the glycemic response in
either capillary blood or continuous glucose monitoring estimates of
glycemia. Prior work has shown that higher doses (25 g) of inulin can
substantially lower glycemic responses to orange juice [21]. The cur-
rent data suggest that adding 5 g inulin was insufficient to meaningfully
lower the glycemic response to a fruit smoothie. It is notable that
glucose concentrations in response to different meals can be remark-
ably similar despite substantial differences in glucose kinetics [22].
Therefore, the lack of differences in glucose concentrations does not
rule out the possibility that rates of glucose appearance/disappearance
were altered by the different types of test foods and ingestion patterns
employed, which could have other implications on metabolism. Future
work could clarify the dose of inulin required to alter glycemia and
changes in other aspects of metabolism, such as lipaemia. Notably,
reducing the dose of carbohydrates from PRODUCT to DOSE did not
significantly lower the glycemic response. This is consistent with
studies showing no significant difference in glycemic responses to
ingestion of 25 g, 50 g, and 75 g glucose [23]. This is explained by
differences in glucose kinetics (increased blood glucose appearance
rates offset by increased blood glucose disappearance rates) [23]. This
is also the most likely explanation for a lack of difference in glycemic
response between PRODUCT and SLOW. If CGM error is dependent
on glucose fluxes, then differences in glucose fluxes between com-
partments may explain why there was a higher iAUC with CGM
compared with the criterion in PRODUCT but not with DOSE.

Differences in glucose fluxes between interstitial and circulating
pools may also have implications for the variance in the accuracy of
CGM between people. Although claims are often made regarding the
interindividual variance of glycemic responses, these claims often
overstate the evidence as the interindividual variance is not separated
by the individual-by-treatment response variance [24–26]. Under-
standing interindividual variance requires replication at the level of the
individual [24,25,27]. We, therefore, explored the interindividual het-
erogeneity of the bias in continuous glucose monitoring estimates of
fasting glucose using the 7 replicates of fasting glucose concentrations
for each of the 15 participants. We found evidence of significant and
clinically meaningful interindividual heterogeneity of the
interstitial-capillary glucose difference. We subsequently examined
whether this could be explained by any basic characteristics of the
participants and did not find evidence that the interindividual hetero-
geneity of the CGM bias of fasting glucose concentrations could be
explained by either fasting glucose concentrations, glucose tolerance
status, age, or BMI. Since the evening meal prior to trials was stan-
dardized within participants but not between participants, then this
could also contribute to interindividual variability. Further work is
therefore needed to establish the underlying reasons for interindividual
heterogeneity of the CGM bias, which may relate to interstitial pool
sizes and degrees of fibrotic encapsulation [28]. Another possibility for
discordance between criterion and CGM measures could relate to the
relatively low reliability of CGMs [11]. Indeed, we report here that
there is substantial variability in the bias of fasting glucose concen-
trations both within-CGMs and between-CGMs. By better under-
standing these factors, it may be possible to improve the validity of
continuous glucose monitoring for assessing glycemia. This may
involve some degree of calibration against capillary samples and/or
changes in the algorithms. Our data demonstrate that a single calibra-
tion of CGM using a fasting capillary glucose sample is not sufficient to
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fully correct for the bias, and therefore, multiple calibration and/or
algorithm adaptation is likely to be required.

Limitations of the current study include the testing of only 1 brand
and model of CGM, and therefore, it remains unknown whether other
brands and models of CGM display such errors in characterizing gly-
cemic responses. Furthermore, only 1 reference test was performed. GI
testing guidelines recommend that the reference test be performed at
least twice to improve the precision of the estimate for the glycemic
response to the reference food. This is because the reference response
becomes the denominator in the calculation of GI for all test foods.
Therefore, imprecision in the estimate of the reference can affect the
calculation of GI for all of the test foods. This compounding of
imprecision is a likely reason for the typical non-normal distribution
when 2 normally distributed datasets are expressed as a ratio of one
another (such as GI) [29]. Extreme outliers in a non-normal distribution
will have a large influence on a mean. Although duplicating reference
tests is 1 way to reduce the influence of extreme outliers in
non-normally distributed data, another way is to use measures of
central tendency that are less influenced by extreme outliers, such as the
median or the geometric mean. Interestingly, the GI data in the current
study do show some evidence of non-normal distribution, and when the
mean is used, the GI of the product is higher than previous estimates
using duplicate reference tests (mean� SD: 60� 35 compared with 36
� 16 [30]). When geometric mean was used, then the estimate of GI
was closer to previous estimates (53� 2). Whether measures of central
tendency such as median or geometric mean can substitute the
recommendation for duplicate tests is unclear, and therefore, the esti-
mate of GI from the current study should be considered with caution.
The current study also has a relatively small sample of healthy in-
dividuals, and thus, generalizability to other populations is unknown.

In conclusion, these data demonstrate that a CGM can overestimate
postprandial glycemia to differing degrees across foods/beverages.
Consequently, the GI of a fruit smoothie is misclassified using CGM.
When using the criterion method of capillary blood, the GI of a typical
fruit smoothie is low (with 95% CI spanning low to medium). Inter-
estingly, the glycemic response was not substantially affected by the
addition of a modest quantity of fiber, the loss of physical structure of
the food, or the dose or speed of ingestion, which may reflect the fact
that GI cannot fully capture blood glucose kinetics. When CGM is used
to quantify the GI, then differential degrees of error across participants
and test drinks can result in overestimation of GI and relative hyper-
glycemia (time-outside-range). Individual adjustment of the CGM for
the difference in fasting glucose concentrations can improve but not
eliminate the bias of CGM in postprandial samples. Therefore, if ac-
curate quantification of postprandial glycemia is the primary aim, then
capillary blood should be the preferred method, and CGM may not be
suitable, at least with respect to the CGM device tested in the present
study.
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