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A B S T R A C T

Short chain fructo-oligosaccharides (scFOS) are well-recognized prebiotic fibers. Fossence™ (FOSS) is a scFOS
that has been produced from sucrose via a proprietary fermentation process and has not been tested for its di-
gestibility or glucose/insulin response (GR and IR, respectively). The present randomized, controlled, cross-over
study was conducted in 3 phases to explore GR and IR to ingestion of FOSS, when replaced by/added to available-
carbohydrates (avCHO) among 25 healthy adults (40 � 14years). In each phase GR and IR elicited by 3–4 test-
meals were measured among the fasted recruited subjects. The interventional test meals were as follows:
Phase-1, water alone or 10g FOSS or 10g Dextrose in 250ml water; Phase-2, 250ml water containing Dextro-
se:FOSS (g:g) in the content as 50:0 or 50:15 or 35:0 or 35:15; Phase-3 portions of white-bread (WB) containing
avCHO:FOSS (g:g) in the content as 50:0 or 50:15 or 35:0 or 35:15. Blood samples (finger prick method) were
collected at fasting and 15, 30, 45, 60, 90 and 120 min after start of test meal ingestion. Plasma glucose and serum
insulin were analyzed utilizing standard methods. The primary endpoint was differences in glucose IAUC. All
subjects provided their written consent to participate in the study (ClinicalTrials.gov: NCT03755232). The results
demonstrated that FOSS, when consumed alone, showed no raise in glycaemia or insulinemia and was statistically
equivalent to response of water alone. GR and IR elicited by dextrose:FOSS and WB:FOSS test-meals of Phase 2
and Phase 3, were statistically equivalent to the respective test-meals without FOSS. Result of the 3 phases support
the hypothesis that FOSS is resistant to breakdown and is indigestible in the human small-intestine, and therefore
can be classified as an unavailable carbohydrate that does not raise post prandial blood glucose or insulin. FOSS,
being sweet to taste, may be an acceptable sugar replacer in beverages without compromising their taste and
sensory qualities.
1. Introduction

Short-chain fructo-oligosaccharides (scFOS) are non-digestible car-
bohydrates naturally found in small amounts (0.8–10%) in common
foods such as asparagus, artichokes, onions, honey, rye, and wheat
(Becker et al., 1977; Shiomi and Izawa 1980; Darbyshire and Henry
1981). Chicory, Jerusalem artichoke and dahlia contain substantial
quantities of fructo-oligosaccharides which a high degree of polymeri-
zation (DP) and these are referred to as inulin. scFOS can be derived from
hah).
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sucrose enzymatically using ß-fructofuranosidase or fructosyl trans-
ferases. The resulting scFOS consist of 1 glucose molecule attached to 2–4
fructose units; GF2 (1-Kestose), GF3 (Nystose) and GF4 (1ß-fructofur-
anosylnystose) (Ganaie et al., 2014).

ScFOS are prebiotic fibers (Vandenplas et al., 2015; Slavin 2013) that
have been studied for health effects including glycemic control (Yama-
shita et al., 1984; Sheth et al., 2015), gut health (Bouhnik et al., 2004;
Bouhnik et al., 2006), mineral absorption (van den Heuvel et al., 1999;
van den Heuvel et al., 2009) nonalcoholic fatty liver disease (Loman
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et al., 2018) and blood lipids (Beserra et al., 2015). Being a prebiotic
fiber, scFOS has the ability to increase beneficial colonic bacteria,
decrease pathogenic bacteria (Tuohy et al., 2014; Walsh et al., 2014) and
increase the production of colonic short-chain fatty acids (SCFA) which,
in turn, may influence human health (Ríos-Covi�an et al., 2016). ScFOS,
being resistant to hydrolysis by human digestive enzymes, escape
digestion in the small-intestine and enter the colon, ready to be metab-
olized by the resident gut bacteria. Being unavailable carbohydrates,
scFOS do not raise blood glucose. Thus, replacing available-carbohydrate
(avCHO) with scFOS in foods reduces acute glycemic responses
(Respondek et al., 2014; Lecerf et al., 2015).

Fossence™ (FOSS) is produced from enzymatic modification of su-
crose. It is a synthetic product consisting predominantly (93%) of scFOS
with DP of 3–5, and is about 30% as sweet as sucrose (Bornet, 1994).
Thus, it may be a desirable alternative sweetener if, when incorporated
into foods or drinks, it has no impact on postprandial glycaemia. FOSS is
not digested by amylase in-vitro, but its digestibility in-vivo is not known,
and its effects on postprandial glucose- (GR) and insulin-responses (IR)
are unknown. Therefore, the current study, which was designed in 3
phases, was aimed to assess the GR and IR of FOSS. The aim of Phase-1
was to confirm that FOSS is resistant to digestion and would elicit no
GR or IR. The aims of Phases-2 and 3 were to confirm, using an
avCHO-containing drink (Phase 2) and an avCHO-containing solid food
(Phase 3), that FOSSwould not increase GR and IR when added to avCHO
and, therefore, that replacing avCHO with FOSS would reduce GR and IR
by amounts equivalent to those expected from the reduced avCHO
intake.

2. Methods

2.1. Study design, subject selection and recruitment

FOSS was compared with an equivalent amount of Dextrose for its
glycemic and insulin response, when administered alone (Phase 1), and
when 15 g was added to both 35 and 50 g avCHO so as to determine the
effects of FOSS when added to avCHO or substituted for 30% of avCHO
(Phase 2/Phase 3). Each phase of the study had a randomised, controlled,
cross-over design and was conducted at INQUIS Clinical Research, Ltd,
Toronto, Canada (INQUIS). For each phase, 13 males and 12 non-
pregnant, non-lactating females, were drawn from a pool of 29 volun-
teers and recruited from a database of individuals who had previously
participated in studies at INQUIS and had given permission to be con-
tacted for recruitment for future studies. Participants between the age
group of 18–65 years, body mass index between 18 – 30 kg/m2 (height
and weight measured using standardized tools at the first visit) no
chronic disease such as type-1 or type-2 diabetes mellitus (fasting blood
sugar levels <100 mg/dL (or <5.6 mmol/L) as assessed at the first visit)
or with no history of cardiovascular, metabolic, respiratory, renal,
gastrointestinal or hepatic disease or any other disease affecting their
dietary intake were included. Participants with any known food allergies
or intolerance or with any strong dislike of or intolerance to sweetened
beverages were excluded.

Subjects provided informed consent to participate in each phase of
the study using a protocol approved by the Western Institutional Review
Board which meets all the requirements of the US Food and Drug
Administration (FDA), the Department of Health and Human Services
(DHHS), the Canadian Health Protection Branch (HPB), Canadian In-
stitutes of Health Research (CIHR) and the European Community
Guidelines (IRB Tracking Number: 20183115). The clinical trial was
registered after the recruitment of the participants in ClinicalTrial.gov
under the identification number: NCT03755232 (URL: https://clinicaltr
ials.gov/ct2/show/NCT03755232). The study was conducted in accor-
dance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). All participants provided written informed
consent. The consent and screening procedures are described in Sup-
plementary Information.
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2.2. Study procedures used in each phase

Eligible participants in each phase were studied on 3 or 4 separate
days over periods of 2–5 wk. On each test day, participants came to
INQUIS in the morning after a 10–14 h overnight fast (water allowed).
Participants were asked to maintain stable dietary and activity habits
throughout their participation in the study and to refrain from drinking
alcohol, and from unusual levels of food intake or physical activity for 24
h before each test. Participants also refrained from taking any medication
for 24 h prior to study visits except those listed in the inclusion/exclusion
criteria (Supplementary Information). Any subject who was not feeling
well or had not complied with the preceding experimental conditions was
rescheduled for another day.

On each test occasion, after subjects were weighed, 2 fasting blood
samples for glucose and insulin analysis were obtained by finger-prick
5min apart and, after the 2nd sample, the subject started to consume
the test-meal of the respective study Phase. Subjects were asked to
consume the entire test-meal evenly over 10min. Test-meal durations
over 15 min were considered to be protocol deviations. At the first sip/
bite of intake of test meal, timer was started and additional capillary
blood samples for glucose and insulin analysis were taken at 15, 30, 45,
60, 90, and 120 min. Each blood sample consisted of 10–12 drops of
blood; the first drop was wiped away after which 5–6 drops were placed
into an 0.3ml heparin fluoride containing Microvette® 300 FH (Sarstedt
AG & Co. KG, Nümbrecht, Germany; product number 20.1307.100) for
plasma glucose analysis and 5–6 drops into a 0.3ml Microvette® 100 K3E
with a clot activator (Sarstedt product number 20.1278.100) for serum
insulin analysis. Before and during the test, a test record was filled out
with the participant's initials, ID number, date, body weight, test meal,
beverage, time of starting to eat, time it took to eat, time and any unusual
activities the previous day. During the 2 h of the test, participants
remained seated quietly. After the last blood sample participants were
offered a snack and allowed to leave.
2.3. Interventional product

Fossence™ (FOSS) is a scFOS produced from sucrose via a proprietary
fermentation process (Tata Chemicals Ltd., Mumbai, Maharashtra,
India). It is a mixture of tri-saccharides (GF2), tetra-saccharides (GF3) and
penta-saccharides (GF4) of glucose (G) and fructose (F). The glucose at
the non-reducing end is attached to fructose through an α(1–2) linkage
and the fructose molecules are linked through a β(2-1) linkage. FOSS is a
fine white free flowing powder containing about 93% fructo-
oligosaccharides and 5.5% other sugars. FOSS is currently US GRAS
notified CAS Number: 308066-66-2.
2.4. Randomization

The order of the test meals for each recruited subject in each Phase of
the study was randomly determined using an online randomization
program (researchrandomizer.org). Test meals were made equi-
carbohydrate in arms replacing 30% of the available carbohydrates.

2.4.1. Phase-1 test-meals
The 3 test-meals consisted of 250 ml water alone (Water), or 10g

FOSS (F10) or 10g Dextrose (Dex10) (ADM Clintose® A Dextrose, Dec-
atur, IL, USA) dissolved in 250 ml water. Each test-meal was served with
an additional 150 ml water to wash out the mouth. The study subjects
finished the test meal in the time allocated.

2.4.2. Phase-2 test-meals
The 4 test-meals consisted of 50g Dextrose (Dex50), or Dex50 plus

15g FOSS (Dex50 þ F15), or 35g Dextrose (Dex35) or Dex35 plus 15g
FOSS (Dex35 þ F15) each dissolved in 250 ml water. Each test-meal was
served with an additional 150 ml water to wash out the mouth. Total
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carbohydrates in the test meals Dex50 and Dex35þ F15 were equivalent.
The study subjects finished the test meal in the time allocated.

2.4.3. Phase 3 test-meals
The 4 test-meals consisted of 112.5g white-bread (WB) containing

51.9g avCHO (WB50), or WB50 plus 15g FOSS (WB50þ F15), or 76gWB
containing 35.1g avCHO (WB35) or WB35 plus 15g FOSS (WB35þ F15).
FOSS was carefully sprinkled on the bread portions of the respective test
meals. Each test-meal was served with 250 ml water plus an additional
150 ml water to wash out the mouth. WB was baked at INQUIS using the
method described in Supplemental Information. Nutritional composition
of 100 g ofWB, based on proximate analysis, is as follows: 223 kcal, 48.7g
carbohydrate, 2.6g dietary fiber, 8.1g protein, 0.6g fat and 46.1g of
avCHO (total carbohydrate minus dietary fiber). Total carbohydrates in
the test meals WB50 and WB35 þ F15 were equivalent. The study sub-
jects finished the test meal in the time allocated.
2.5. Biochemical analysis

2.5.1. Glucose
Immediately after collection, the microvette tubes were centrifuged at

2,000 x g for 5 min and the plasma aliquoted into 2 tubes (1 for back-up)
and stored at -70 �C until analysis which was performed within 5 d of
collection using a VITROS 350 analyzer (Ortho Clinical Diagnostics,
Markham, ON, Canada).

2.5.2. Insulin
Upon collection, the microvette tubes were allowed to clot at room

temperature for 30 min, centrifuged at 10,000 x g for 5 min and the
plasma aliquoted into 2 tubes (1 for back-up) and stored at -70 �C or
-94�F (minus seventy degrees Celsius or minus ninety four degrees
Fahrenheit) until analysis using the Human Insulin EIA Kit (Alpco Di-
agnostics, Salem, NH, USA).
2.6. Calculations

2.6.1. Incremental areas under the curve
Incremental areas under the glucose and insulin response curves,

ignoring area below the baseline (iAUC) were calculated by the trapezoid
rule (Wolever, 2004). The mean glucose or insulin concentration in the 2
fasting blood samples was taken as the fasting concentration for the
purposes of calculating iAUC.

2.6.2. Determination of expected responses

2.6.2.1. Phase 1. To estimate the in-vivo digestibility of FOSS, the
Equivalent Glycemic Load (EGL) of F10, defined as the amount of glucose
that would elicit the same iAUC as F10 (Wolever et al., 2006a, b), was
calculated for each subject as follows (Equation 1):

EGL¼ ðF �WÞ
M

(1)

Eq. (1): Calculation of Equivalent Glycemic Load (EGL).
Where F is the glucose iAUC elicited by F10, W the glucose iAUC after

water, and M¼(D-W)/10 where D is the glucose iAUC after Dex10. If F<

W, then EGL was taken to be zero. The mean of the resulting values was
the EGL of FOSS. Since the day-to-day variation of glucose iAUC values
elicited by 0–5 g available carbohydrate is 60–100% (Wolever et al.,
2006a, b), and since the distribution of the ratio of independently vari-
able values becomes highly skewed to the right as the variation increases
(Wolever et al., 1991), EGL values >2SD above the mean were excluded
to provide a more accurate and precise estimate. Assuming the absorp-
tion 1 molecule of FOSS results in 1 glucose (Glycemic index (GI) ¼ 100)
and 3 fructose (GI¼ 30) molecules, the GI of FOSS was taken to be 0.25�
3

100 þ 0.75 � 30 ¼ 48. Thus, 2.08g of FOSS (1/0.48) would elicit a
glucose response equivalent to 1 g glucose.

2.6.2.2. Phases 2 and 3. If the difference in glucose and insulin responses
between the 35g and 50g avCHO test-meals was equivalent to that ex-
pected based on previous dose-response studies (Wolever and Bolognesi,
1996; Lee and Wolever, 1998), and if the FOSS containing test-meals (eg.
Dex50 þ F15 and Dex35 þ F15) elicited glucose and insulin responses
which were equivalent to those elicited by the respective test-meals
without FOSS (eg. Dex50 and Dex35), these, taken together, would
constitute evidence that FOSS was indigestible in the human
small-intestine.

The Relative Glucose Responses (RGR) and Relative Insulin Re-
sponses (RIR) elicited by the 35g avCHO doses in Phase 2 were calculated
as follows (Equation 2):

RGRðor RIRÞ¼ iAUCðDex35Þ þ iAUCðDex35þ F15Þ
iAUCðDex50Þ þ iAUCðDex50þ F15Þ � 100 (2)

Eq. (2): Equation to calculate Relative Glucose Responses (RGR) and
Relative Insulin Responses (RIR) elicited by 35g available carbohydrate.

The analogous calculation was done for the WB test-meals in Phase 3.
The RGR (glycemic response ¼ iAUC over 0–2h) elicited by avCHO is
proportional to (1-e�0.0222g) where g ¼ grams of avCHO (Wolever,
2006). Thus, the expected glucose iAUC elicited by 35g avCHO, relative
to that after 50g avCHO is (Equation 3):

100� 1� e�0:0222*35

1� e�0:0222*50 ¼ 80:6 (3)

Eq. (3): Calculation of Glucose iAUC elicited by 35g available car-
bohydrate relative to that after 50g available carbohydrate.

However, the dose-response for insulin is virtually linear (Wolever,
2006) so that the insulin iAUC elicited by 35g avCHO, relative to 50g
avCHOwould be expected to be 100�[35/50]¼ 70%. Since the amounts
of avCHO in the WB35 and WB50 test-meals were 35.1 vs 51.9g, the
glucose and insulin responses elicited by WB35 relative to WB50 are
expected to be 79.1% and 67.6%, respectively.

The RGR and RIR of the FOSS-containing test-meals in Phase 2 were
calculated as per the following equation (Equation 4):

RGR ðor RIRÞ¼ iAUC ðDex50 þ F15Þ þ iAUC ðDex35þ F15Þ
iAUCðDex50Þ þ iAUCðDex35Þ � 100

(4)

Eq. (4): Relative Glucose Response and Relative Insulin Response of
the FOSS-containing test-meals in Phase 2.

The analogous calculation was done for the WB test-meals in Phase 3.
Since it is hypothesized that FOSS was indigestible, the RGR and RIR are
expected to be 100%.
2.7. Statistical analysis

2.7.1. Differences between means

2.7.1.1. Phase 1. Glucose and insulin iAUCs and concentrations at the
various times were subjected to repeated measures analysis of variance
using the General Linear Model (ANOVA) examining for the main effects
of test-meal. After demonstrating significant heterogeneity, the signifi-
cance of differences among individual means was determined using
Tukey's test with the significance criterion being 2-tailed p < 0.05.

2.7.1.2. Phases 2 and 3. Glucose and insulin iAUC values and concen-
trations at the various times were subjected to ANOVA examining for the
main effects of avCHO-dose (35g vs 50g) and FOSS (avCHO alone vs
avCHO þ F) and the avCHO-dose�FOSS interaction. If the avCHO-dos-
e�FOSS interaction was significant, the significance of differences
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among individual means was determined using Tukey's method with 2-
tailed p < 0.05.

2.7.2. Equivalence testing
The observed relative responses were taken to be equivalent to the

expected relative responses if the 95% confidence interval (95%CI) of the
differences were within �20% for glucose and �22.8% for insulin. The
rationale for allowing a �20% difference for glucose is that 20% is
generally considered to be a physiologically significant difference in
glycemic response by Health Canada which proposed only to allow a
glucose reduction claim for a food if the reduction in iAUC was at least
20% (Health Canada, 2013). In addition, low-GI foods must have a GI �
55, while high-GI foods have a GI of �70; and 55 is 78.5% of (21.5% less
than) 70. A �22.8% difference for insulin was taken to represent
equivalence because a recent inter-laboratory study showed that the
mean SD of relative insulin responses is about 14% higher than that of
relative glucose responses (Wolever et al., 2019).

2.7.3. Statistical power
Using the t-distribution and assuming an average coefficient of vari-

ation (CV) of within-individual variation of 2-hour glucose iAUC values
of 23%, n ¼ 25 subjects has 90% power to detect a 22% difference in 2-
hour glucose iAUC with 2-tailed p < 0.05.

3. Results

A total of 34 subjects were screened of whom 29 were eligible to
participate. The pool of 29 eligible subjects comprised a multiethnic
population (Caucasian, 17; East Asian, 3; South East Asian, 3; West Asian,
2; and 1 each of South Asian, Hispanic, African and Indigenous) with 15
male and 14 females aged [Mean � SD (range)] 38.6 � 14.3 (20–62) y
with BMI 24.4 � 2.7 (19.1–29.4) kg/m2, fasting serum glucose 4.44 �
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0.46 (3.42–5.57) mmol/L and blood pressure 121 � 10 (101–138)/75 �
7 (61–88) mmHg. Twenty-five of these individuals participated in each of
the 3 phases of the study. All the test-meals consumed by participants
during the 3 phases of the study were well tolerated without any
gastrointestinal adverse events. Four adverse events were reported; 3
participants reported having a cold and 1 an eye infection. These events
were judged to be mild and unrelated to the study treatments, and those
reporting them did not participate in the study until all their symptoms
had gone and they had stopped taking any treatments for their condition.

3.1. Phase 1

Mean (�SEM) fasting plasma glucose concentrations before Dex10,
F10 and Water were similar to each other: 5.50 � 0.10, 5.50 � 0.10 and
5.41 � 0.10 mmol/L, respectively. Plasma glucose after Dex10 was
significantly greater than F10 andWater at 15, 30 and 45 min, but Dex10
did not differ significantly from Water at any time after 60min
(Figure 1A). Similarly, glucose iAUC after Dex10 was significantly
greater compared to that after F10 and Water, with no difference be-
tween F10 and Water (Table 1). The mean (95%CI) EGL for F10 was 0.35
(0.09, 0.62) g; after excluding 2 values (2.6� SD and 3.3� SD above the
mean), EGL for F10 was 0.19 (0.06, 0.32) g. The amount of FOSS that
would elicit the same glucose iAUC as 0.19 (0.06, 0.32) g glucose is
estimated to be 0.40 (0.12, 0.67) g; this suggests that FOSS contains 96
(99, 93) % unavailable carbohydrate. This corresponds with the scFOS
(GF2, GF3 and GF4) content in FOSS of about 93%.

Mean (�SEM) fasting serum insulin concentrations before Dex10, F10
and Water were similar to each other; 37.2 � 3.6, 39.1 � 4.2 and 41.5 �
4.0 pmol/L, respectively. Serum insulin concentrations after Dex10 were
significantly greater than F10 andWater at 15 and 30 min, but Dex10 did
not differ significantly from Water at any time after that (Figure 1B).
Similarly, insulin iAUC after Dex10 was significantly greater than those
0
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Figure 1. Glucose and Insulin Responses. Values
are means � SEM for n ¼ 25 subjects. Panels A, C and
E show plasma glucose; panels B, D and F show serum
insulin. Phase 1 is shown in panels A and B (Dex10 ¼
10g dextrose, F10 ¼ 10g FOSS), Phase 2 in panels C
and D (Dex50 ¼ 50g dextrose; Dex35 ¼ 35g dextrose;
F15 ¼ 15g FOSS) and Phase 3 in panels E and F (WB50
¼ 51.9g available carbohydrate from white bread;
WB35 ¼ 35.1g available carbohydrate from white
bread; F15 ¼ 15g FOSS). ab means with different letter
superscripts differ by Tukey's test, p < 0.05. D ¼ sig-
nificant main effect of Dose (35g differs from 50g) by
ANOVA, p < 0.05.



Table 1. Phase 1 Glucose and Insulin iAUC and Equivalent Glycemic Load of 10g FOSS.

Test-Meal Glucose iAUC (mmol�min/L) Insulin iAUC (pmol�h/L) Equivalent Glycemic Load (EGL, g)*

All subjects Outliers Excluded

10g Dextrose 62.0 � 4.9a 50.5 � 5.3a - -

Water 3.3 � 1.6b 6.9 � 2.0b - -

10g FOSS 2.7 � 0.7b 11.0 � 2.4b 0.35 (0.09, 0.62) 0.19 (0.06, 0.32)

Results for iAUC are Mean � SEM for n ¼ 25 subjects; results for EGL are means (95% confidence intervals).
ab Means with different letter superscripts differ significantly by Tukey's test, p < 0.05.

* EGL is defined as the grams of glucose that would elicit the same glycemic response as 10g FOSS. There were 2 outliers excluded (values 2.6 and 3.3 times SD above
the mean).
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after F10 and Water, with no difference between iAUC for F10 andWater
(Table 1).

3.2. Phase 2

Mean (�SEM) fasting plasma glucose concentrations before Dex50,
Dex50 þ F15, Dex35 and Dex35 þ F15 did not differ significantly from
each other (5.26 � 0.09, 5.27 � 0.11, 5.24 � 0.08 and 5.25 � 0.07
mmol/L, respectively). Plasma glucose concentrations after Dex50þ F15
and Dex35 þ F15 were similar to those after Dex50 and Dex35, respec-
tively, at all time points (Figure 1C). The test-meals containing Dex35
elicited lower plasma glucose than those containing Dex50 from 60 to
120 min, but the main effect of dose was only significant at 90 min
(Figure 1C). ANOVA of the glucose iAUC values showed a significant
main effect of dose, with the Dex35 test-meals eliciting a mean about
20% less than the Dex50 test-meals (Table 2), but there was no significant
main effect of FOSS and no avCHO-dose�FOSS interaction. Dex50 eli-
cited a significantly greater glucose iAUC than Dex35 and Dex35 þ F15.

Mean (�SEM) fasting serum insulin concentrations before Dex50,
Dex50 þ F15, Dex35 and Dex35 þ F15 did not differ significantly from
each other (50.4 � 4.4, 49.1 � 4.4, 45.2 � 4.3 and 45.5 � 4.7 pmol/L,
respectively). Serum insulin concentrations after Dex50þ F15 and Dex35
þ F15 were similar to those after Dex50 and Dex35, respectively, at all
time points (Figure 1D). The test-meals containing Dex35 elicited lower
serum insulin than those containing Dex50 from 45 to 120 min with the
main effect of dose being significant at 60, 90 and 120 min (Figure 1D).
ANOVA of the insulin iAUC values showed a significant main effect of
avCHO dose, with the Dex35 test-meals eliciting a mean about 30% less
than the Dex50 test-meals (Table 2), but there was no significant main
effect of FOSS and no avCHO-dose�FOSS interaction. Dex50 elicited a
significantly greater insulin iAUC than Dex35.
Table 2. Glucose and Insulin iAUC for Phases 2 and 3.

Phase 2: avCHO source ¼ Glucose Glucose iAUC (mmol�min/L) av

av

M

Insulin iAUC (pmol�h/L) av

av

M

Phase 3: avCHO source ¼ White bread Glucose iAUC (mmol�min/L) av

av

M

Insulin iAUC (pmol�h/L) av

av

M

Results are means�SEM for n¼25 subjects.
avCHO ¼ available carbohydrate; FOSS ¼ Fossence™; iAUC ¼ incremental area und
^for 50g and 35g avCHO; ~ for avCHO alone or avCHOþFOSS; # significance of Dose
Significantly different from 50g avCHO; *p<0.03; **p<0.002.
ab Means with different letter superscripts differ significantly by Tukey’s test (p<0.05
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3.3. Phase 3

Mean (�SEM) fasting plasma glucose concentrations before WB50,
WB50 þ F15, WB35 and WB35 þ F15 did not differ significantly from
each other (5.21 � 0.11, 5.16 � 0.10, 5.16 � 0.11 and 5.26 � 0.11
mmol/L, respectively). Plasma glucose concentrations after WB50 þ
F15 and WB35 þ F15 were similar to those after WB50 and WB35,
respectively, at all time points (Figure 1E). At 30 min ANOVA showed a
significant main effect of test-meal (p¼ 0.048) with glucose 30min after
WB35 being less than WB50 þ F15, but there was no significant main
effect of avCHO dose (p ¼ 0.15) or FOSS (p ¼ 0.60) and no avCHO-
dose�FOSS interaction (p ¼ 0.078). The test-meals containing WB35
elicited lower plasma glucose than those containing WB50 from 45 to
120 min, but the main effect of avCHO dose was only significant at 90
and 120 min (Figure 1E). ANOVA of the glucose iAUC values showed a
significant main effect of avCHO dose, with the WB35 test-meals elic-
iting a mean about 27% less than the WB50 test-meals (Table 2), but
there was no significant main effect of FOSS and no avCHO-dose�FOSS
interaction. Glucose iAUC after WB50 was similar to that after WB50 þ
F15, and both were significantly greater than those after WB35 and
WB35 þ F15.

Mean (�SEM) fasting serum insulin concentrations before WB50,
WB50 þ F15, WB35 and WB35 þ F15 did not differ significantly from
each other (40.4 � 4.4, 44.3 � 4.8, 44.0 � 4.6 and 51.5 � 5.8 pmol/L,
respectively). Serum insulin concentrations after WB50 þ F15 and WB35
þ F15 were similar to those after WB50 and WB35, respectively, at all
time points (Figure 1F). The test-meals containing WB35 elicited lower
serum insulin than those containing WB50 from 45 to 120 min with the
main effect of avCHO dose being significant at all these times (Figure 1F).
ANOVA of the insulin iAUC values showed a significant main effect of
avCHO dose, with the WB35 test-meals eliciting a mean about 36% less
50g avCHO 35g avCHO Mean (�FOSS)

CHO alone 269�24a 199�16b 234�19~

CHOþFOSS 239�16ab 204�13b 222�13~

ean (Dose) 254�19̂ 202�13*̂ p¼0.438#

CHO alone 364�44a 235�26b 299�33~

CHOþFOSS 346�40ab 267�28ab 306�29~

ean 355�36̂ 251�24*̂ p¼0.579#

CHO alone 212�18a 155�12b 183�13~

CHOþFOSS 219�20a 158�14b 188�16~

ean 215�17̂ 156�12*̂ p¼0.919#

CHO alone 314�33a 196�22b 255�27~

CHOþFOSS 324�29a 210�22b 267�24~

ean for avCHO 319�30̂ 203�21**̂ p¼0.960#

er the curve.
�FOSS interaction from ANOVA.

).
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than the WB50 test-meals (Table 2), but there was no significant main
effect of FOSS and no avCHO-dose�FOSS interaction. Insulin iAUC after
WB50 was similar to that after WB50 þ F15, and both were significantly
greater than those after WB35 and WB35 þ F15.

3.3.1. Equivalence testing
The glucose and insulin responses elicited by the test-meals con-

taining FOSS, relative to those without FOSS, and the glucose and insulin
responses elicited by the test-meals containing 35g avCHO relative to
those containing 50g avCHO are shown in Table 3.

3.3.1.1. Effect of FOSS. The hypothesis being tested was that the FOSS-
containing test-meals would elicit the same glucose and insulin responses
as their respective test-meals without FOSS. None of the relative glucose
(RGR) or insulin (RIR) responses of the FOSS test-meals differed signif-
icantly from 100% either before or after outliers were excluded. Of the 4
individual comparisons for FOSS (Dex35 þ F15/Dex35; Dex50 þ F15/
Dex50; WB35 þ F15/WB35 and WB50 þ F15/WB50) only 1 (Dex50 þ
F15/Dex50) demonstrated equivalence for RGR and 1 (Dex50 þ F15/
Dex50) for RIR. However, when the means of the 2 doses of avCHO were
compared, the results demonstrated glucose equivalence for FOSS added
to Dex and for FOSS added toWB and insulin equivalence for FOSS added
to Dex (Figure 2, top panel). Insulin equivalence for FOS added to WB
was demonstrated if 1 outlier was excluded (Table 3).

3.3.1.2. Effect of avCHO dose. The hypothesis being tested was that the
Dex35 and WB35 test-meals, respectively, would elicit 19.4% and 20.9%
lower glucose and 30.0% and 32.4% lower insulin responses than the
respective Dex50 and WB50 test meals, based on previous dose-response
studies (Wolever, 2006). Of the 4 individual comparisons of RGR and 4 of
RIR for avCHO dose (Dex35/Dex50; Dex35 þ F15/Dex50 þ F15;
WB35/WB50 and WB35 þ F15/WB50 þ F15) all demonstrated equiva-
lence of the observed vs the predicted RGRs and 3 for the observed vs the
predicted RIRs. When the means of the test-meals with and without FOSS
at each level of avCHO were compared, the results demonstrated
Table 3. Glucose and Insulin Relative Responses for Phases 2 and 3.

Comparison* All (n¼25) Outliers excluded Mean

Phase 2 Glucose 100%�Dex35F15/Dex35 108.2�6.3 105.1�5.71# 100%

100%�Dex50F15/Dex50 96.9�6.4̂ 94.1�5.91#

100%�Dex35/Dex50 79.5�5.0̂ 77.0�4.61# 100%

100%�Dex35F15/Dex50F15 87.7�4.1̂ 85.9�3.91#

Phase 2 Insulin 100%�Dex35F15/Dex35 133.4�13.9 118.5�10.02 100%

100%�Dex50F15/Dex50 102.9�8.9̂ 96.3�6.21#

100%�Dex35/Dex50 68.1�5.6̂ 68.1�5.60# 100%

100%�Dex35F15/Dex50F15 83.5�6.4 80.5�5.91

Phase 3 Glucose 100%�WB35F15/WB35 107.1�8.0 99.0�6.22# 100%

100%�WB50F15/WB50 111.9�8.7 105.8�6.51#

100%�WB35/WB50 79.8�5.8̂ 77.4�5.51# 100%

100%�WB35F15/WB50F15 74.6�4.9̂ 71.3�3.71#

Phase 3 Insulin 100%�WB35F15/WB35 116.2�11.7 104.6�9.22 100%

100%�WB50F15/WB50 120.5�11.9 110.9�7.21

100%�WB35/WB50 70.0�5.9̂ 63.7�4.32# 100%

100%�WB35F15/WB50F15 65.1�5.5̂ 62.3�4.91#

Results are means�SEM for n¼25 subjects. 95% confidence intervals (95%CI) shown
* iAUC elicited by one test-meal expressed as a % of that after another; test-meal abbre
¼ 50g dextroseþ15g FOSS, Dex50 ¼ 50g dextrose.
** iAUC elicited by the mean of 2 test-meals expressed as a % of the mean for
50¼(Dex35DþDex35)/(Dex50F15þDex50) or (WB35F15þWB35)/(WB50F15þWB50
CI shown in [brackets].
^equivalent to expected (95%CI of n¼25 values lie within the equivalence margins).
# 95%CI of values after excluding outliers are within the equivalence margins.
0,1,2 Number of outliers excluded.
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equivalence for both glucose and insulin for both the Dex and WB test
meals without excluding outliers (Table 3; Figure 2, bottom panel).

4. Discussion

The results showed that 10–15g of FOSS elicited no significant in-
crease in postprandial glucose and insulin responses in healthy adults
when consumed alone or when added to liquid (dextrose) or solid (white
bread) test-meals. FOSS only reduced acute postprandial glucose and
insulin responses if used to replace some of the avCHO in foods (WB35þ
F15 vs WB50) or drinks (Dex35 þ F15 vs Dex50). However, it is not
known whether replacing avCHO with FOSS will increase satiety and
reduce overall energy intake, factors which may be important in deter-
mining the overall effect of such a manoeuvre on health.

Our results confirm and extend the results of a previous study
showing that fructo-oligosaccharides ingestion did not raise blood
glucose (Hidaka et al., 1986); we found that consuming 10g FOSS did not
increase postprandial plasma glucose or serum insulin concentrations
and elicited glycemic (GR) and insulinemic (IR) responses which were
similar to that elicited by water. This suggests that FOSS is not hydro-
lyzed by the enzymes in the human small intestine. However, the gly-
cemic responses of individuals vary from day-to-day due to analytical
variation, minute-to-minute variation and day-to-day (within-subject)
variation (Wolever, Ip & Moghaddam, 2006). To better understand the
influence of such variation, the EGL of 10g FOSS was estimated; after
excluding 2 extreme outliers the upper limit of the 95% confidence in-
terval of the EGL was 0.32g. This approach allows the inspection with a
95% probability that 10g FOSS elicits a glycemic response which is less
than or equal to that elicited by 0.32 g of dextrose. Assuming the GI of
FOSS is 48, 0.32g dextrose is equivalent to 0.67g FOSS, and this suggests
that at least 93.3% of FOSS is unavailable in the human small intestine.
This is very much in line with the composition of FOSS which has 93%
scFOS.

The results of Phases 2 and 3 showed that adding 15g FOSS to 35g or
50g avCHO in liquid form (Dex) or solid form (WB) had no significant
s** All (n¼25) Outliers excluded

�DF/D [100; 80,120] 99.7�4.7 (89.9, 109.5)̂ 99.7�4.70 (89.9, 109.5)#

�35/50 [80.6; 64.5,96.7] 82.0�3.3 (75.1, 88.8)̂ 78.7�2.62 (73.2, 84.2)#

�DF/D [100; 77.2,122.8] 108.0�6.3 (94.9, 121.1)̂ 100.6�4.02 (92.3, 108.9)#

�35/50 [70, 54,86] 72.6�3.6 (65.1, 80.0)̂ 70.6�3.11 (64.1, 77.0)#

�WBF/WB [100; 80,120] 105.7�5.6 (94.1, 117.3)̂ 105.7�5.60 (94.1, 117.3)#

�35/50 [79.1; 63.3,94.9] 74.9�3.7 (67.2, 82.6)̂ 74.7�3.22 (68.1, 81.3)#

�WBF/WB [100; 77.2,122.8] 111.9�6.6 (98.3, 125.5) 107.3�5.01 (97.0, 117.5)#

�35/50 [67.6; 52.2,83.0] 64.4�2.9 (58.4, 70.4)̂ 64.2�2.52 (59.1, 69.3)#

in (brackets).
viations: Dex35F15¼ 35g dextroseþ15g FOSS; Dex35¼ 35g dextrose; Dex50F15

2 test-meals as follows: DF/D¼(Dex35F15þDex50F15)/(Dex35þDex50), 35/
), WBF/WB¼(WB35F15þWB50F15)/(WB35þWB50). Expected mean and 95%



% Difference in iAUC
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Dex+FOSS vs Dex alone: GR

WB+FOSS vs WB alone: GR

WB+FOSS vs WB alone: IR

Dex+FOSS vs Dex alone: IR

% Difference in iAUC

-20 -10 0 10 20

 Dex 35 g vs Dex 50 g: GR

 Dex 35 g vs Dex 50 g: IR

 WB 35 g vs WB 50 g: GR

 WB 35 g vs WB 50 g: IR

Figure 2. Equivalence tests. Dex ¼ dextrose; WB ¼ white bread; FOSS ¼
Fossence™; GR ¼ glycemic response; IR ¼ insulinemic response; iAUC ¼ in-
cremental area under the curve. Top Panel: comparisons of the effects of Dex or
WB plus FOSS vs Dex or WB alone on glucose and insulin responses (eg. for Dex,
% difference ¼ (100% � Dex þ FOSSiAUC/DexiAUC) -100, where Dex þ FOSSiAUC
¼ mean iAUC for Dex35 þ FOSS15 and Dex50 þ FOSS15 doses of Dex þ FOSS
and DexiAUC ¼ mean iAUC for Dex35 and Dex50). Bottom panel: comparisons of
the effects of 35g vs 50g available carbohydrate (avCHO) doses of Dex or WB on
glucose and insulin responses (eg. for GR after Dex, % difference ¼ (100% �
Dex35iAUC/Dex50iAUC) - 80.6, where Dex35iAUC ¼ mean iAUC for Dex35 þ
FOSS15 and Dex35; Dex50iAUC ¼ mean iAUC for Dex50 þ FOSS15 and Dex50;
and 80.6 ¼ the expected relative response; see text under Statistical analysis,
Phases 2 and 3). Blue and red diamonds are the mean differences for glucose and
insulin, respectively, the error bars are the 95% confidence intervals of the
differences after excluding outliers (see Table 3) and the blue and red dashed
lines are the equivalence margins (�20% of expected relative GR and �22.8% of
expected relative IR).
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effect on GR or IR when compared to the responses elicited by 35g or 50g
avCHO of Dex alone or WB alone, respectively. It may be noted that a 15g
FOSS is equivalent to 30% of the available carbohydrate in the test meals
of Phase 2 and 3. However, when comparing the effect of 2 treatments on
variable endpoints, such as GR and IR, it is generally impossible to prove
the null hypothesis (i.e. that the effects are identical). An experiment can
only demonstrate equivalence to within certain confidence limits. We
chose 20% as the confidence limits for equivalence testing because<20%
reduction in GR is unlikely to be clinically relevant for carbohydrate
sources providing a small proportion of dietary avCHO.; e.g. replacing
20% of dietary avCHO with a source eliciting a 20% lower GR would
have an overall impact on GR of 0.2 � 0.2 ¼ 0.04 or 4%, and effect size
which would require >500 subjects to detect. This may be why Health
Canada indicated that, to make a claim for reduced GR, the test food had
to reduce GR by at least 20% relative to control (Health Canada, 2013).
Since the 95% CI of the differences between avCHO þ FOSS and avCHO
alone were within the margins of equivalence (�20%) for both liquid
(Dex) and solid (WB) forms of avCHO, our results demonstrate adding
15g FOSS to avCHO elicits a glycemic response equivalent to that of the
avCHO alone. We also found that adding 15g FOSS to avCHO elicits an
equivalent insulin response when added to Dex. However, the results
only demonstrated equivalence of the insulin responses when added to
WB after 1 outlier was excluded.

Our results showed that the 50Dex and 50WB test-meals, respectively,
elicited significantly higher glycemic and insulinemic responses than
35Dex and 35WB and that the observed differences between the 35g and
50g doses were equivalent to those expected based on previous dose-
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response studies (Wolever and Bolognesi, 1996; Lee and Wolever,
1998). Since we were able to detect an effect on GR and IR of increasing
avCHO intake by 15g, the demonstration that adding 15g FOSS to avCHO
elicited a GR equivalent to that of avCHO alone also supports the hy-
pothesis that FOSS is an unavailable carbohydrate. Thus, when 15g
avCHO from glucose was replaced by 15g FOSS (Dex50 vs Dex35 þ F) or
when 15g avCHO fromWB was replaced by 15g FOSS (WB50 vs WB35þ
F), both GR and IR were reduced. The implication of this is that if FOSS
replaced some of the avCHO in foods and drinks, the resulting product
would elicit lower glucose and insulin responses. However, the magni-
tude of the reductions in GR and IR would depend on the amount of
avCHO in a serving of the product and the proportion of the avCHO
replaced by FOSS.

Health agencies around the world recommend limiting the intake of
sugars to 10% of total energy (WHO, 2019; USDA, 2019; SACN, 2019)
because of the strong association of a high intake of sugar-sweetened
beverages with increased risk for obesity (Malik et al., 2013) and type
2 diabetes (Imamura et al., 2016). Sugar-sweetened beverages may
contribute to weight gain because the reduced satiety they elicit is
insufficient to prevent subsequent excess energy consumption (Malik and
Hu, 2019). Dietary fibers such as scFOS have been used to partially
replace sugars in foods and beverages (Protonotariou et al., 2012)
because they have a sweet taste and a lower energy value than sugars
(Roberfroid 2000; Molis et al., 1996). However, the acceptance of
sugar-reduced foods is generally less than it is for fat-reduced foods
(Biguzzi et al., 2015). This may be because sugars not only provide
sweetness but also other functions as structure, volume, flavour and
aroma (Bennion and Bamford, 1997; Struck et al., 2014). Being sweet in
taste, with 30% of the sweetness of sucrose (Bornet 1994), but having a
higher viscosity than sucrose (Won Yun 1996), FOSS may be an accept-
able sugar replacer in beverages without compromising their taste and
sensory qualities.

The present results support the hypothesis that Fossence™ is an un-
available carbohydrate. If this were true, one implication is that the use
of Fossence™ to partially replace glycemic carbohydrates would result in
foods and beverages with a reduced GL. The effect of using such foods on
the composition of the entire diet is not known and would need to be
investigated. However, the consumption of diets with a high glycemic
load (GL) have been associated with increased plasma concentrations of
the inflammatory marker c-reactive protein (Liu et al., 2002), and
increased risk for type 2 diabetes (Bhupathiraju et al., 2014) and coro-
nary heart disease (Liu et al., 2000). Also, there is evidence that diets
containing low amounts of available carbohydrate improve glycemic
control in diabetes (Huntriss et al., 2018) and reduce body weight,
although the long-term effects of such diets on these and other outcomes
depend on compliance and whether the dietary carbohydrate is partly
replaced by fat or protein (Mansoor et al., 2016; Clifton et al. 2014). The
other implication of Fossence™ being an unavailable carbohydrate is the
potential physiological impact of its metabolism in the large intestine.
Supplementation of the diet with fructo-oligosaccharides of various types
has been shown to have laxative effects in constipated elderly subjects
(Meksawan et al., 2016) and children (Gordon et al., 2013), to stimulate
the growth of colonic bifidobacteria in healthy subjects (Bouhnik et al.,
2004, 2006; Tandon et al., 2019) and to increase calcium absorption in
healthy adolescent boys (van den Heuvel et al., 1999) and magnesium
absorption in adolescent girls with a low calcium intake (van den Heuvel
et al., 2009). However, whether these and other health benefits attrib-
uted to fructo-oligosaccharides occur with FOSS remains to be deter-
mined. The results of our study are limited to FOSS (Fossence) and may
not be extrapolated in other fructo-oligosaccharides.

5. Conclusions

We conclude that Fossence™ does not increase the postprandial
glucose and insulin levels when consumed alone or when added to
avCHO in liquid or solid forms. The results support the hypothesis that
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Fossence™ is not digested by enzymes in the human small-intestine and
therefore can be classified as an unavailable carbohydrate that does not
raise post prandial blood glucose or insulin.
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