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Abstract

Background: The will to eat is a decision associated with conditioned responses and with
unconditioned body sensations that reflect changes in metabolic biomarkers. Here, we investigate
whether this decision can be delayed until blood glucose is allowed to fall to low levels, when
presumably feeding behavior is mostly unconditioned. Following such an eating pattern might avoid
some of the metabolic risk factors that are associated with high glycemia.

Results: In this 7-week study, patients were trained to estimate their blood glucose at meal times
by associating feelings of hunger with glycemic levels determined by standard blood glucose
monitors and to eat only when glycemia was < 85 mg/dL. At the end of the 7-week training period,
estimated and measured glycemic values were found to be linearly correlated in the trained group
(r =0.82; p = 0.0001) but not in the control (untrained) group (r = 0.10; p = 0.40). Fewer subjects
in the trained group were hungry than those in the control group (p = 0.001). The I8 hungry
subjects of the trained group had significantly lower glucose levels (80.1 + 6.3 mg/dL) than the 42
hungry control subjects (89.2 = 10.2 mg/dL; p = 0.01). Moreover, the trained hungry subjects
estimated their glycemia (78.1 + 6.7 mg/dL; estimation error: 3.2 + 2.4% of the measured glycemia)
more accurately than the control hungry subjects (75.9 + 9.8 mg/dL; estimation error: 16.7 *
11.0%; p = 0.0001). Also the estimation error of the entire trained group (4.7 £ 3.6%) was
significantly lower than that of the control group (17.1 £ 11.5%; p = 0.0001). A value of glycemia at
initial feelings of hunger was provisionally identified as 87 mg/dL. Below this level, estimation
showed lower error in both trained (p = 0.04) and control subjects (p = 0.001).

Conclusion: Subjects could be trained to accurately estimate their blood glucose and to recognize
their sensations of initial hunger at low glucose concentrations. These results suggest that it is
possible to make a behavioral distinction between unconditioned and conditioned hunger, and to
achieve a cognitive will to eat by training.
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Background

The will to eat is a decision associated with conditioned
responses and with body feelings reflecting changes in
metabolic biomarkers. The body feelings are often
described as hunger, but have components that are
strongly conditioned by time, social, and metabolic fac-
tors, for which there are salient unconditioned physio-
logic correlates. Blood glucose has long been considered a
biomarker of hunger [1]. In extensive rat studies, Steffens
[2] measured glucose at discrete intervals, and showed
that blood glucose concentration declined before a meal,
remained at a lower plateau until a meal started, and rose
sharply shortly after the initiation of a meal. Transient
blood glucose declines coincided with spontaneous feel-
ings of hunger and meal initiation in humans and rats,
suggesting that these feelings correlate with metabolic
insufficiency [3-6]. This condition of hunger was associ-
ated with glucose concentrations of 80 mg/dL or lower in
humans [1,3-6] and was exacerbated by injection or infu-
sion of insulin [7].

Blood glucose has a central role in the regulation of energy
metabolism. It provides energy to the brain, has limited
and exhaustible storage, is regulated by the availability of
other fuels, and its blood levels correlate with the time
interval between spontaneously requested meals [3,8-10].
Our previous investigations indicated that food request in
infants [11,12] and diary reports of hunger in adequately
trained children and adults [13] were associated with sig-
nificantly lower glycemic concentrations than condi-
tioned responses were before any training, and that these
levels were lower than 85 mg/dL after training [11-13].
Hunger at comparable low glucose concentrations has
been reported in time-blinded subjects [3-6]. In the
present investigation, we test if appropriate training can
lead to recognition of initial hunger at glycemia below 85
mg/dL. We hypothesize that feelings of hunger or discom-
fort might provide an indicator of the adequacy of glyc-
emia and energy state. Eating in response to these lower
blood glucose concentrations rather than to conditioned
signals may improve energy balance and, in addition,
reduce metabolic risk factors [8-10].

Previous investigations have reported the use of hunger
feelings with [11,13] or without [12,14-16] metabolic
biomarkers to allow intake and control of energy balance.
The current study investigated the associations of subjec-
tive estimation, consummatory behavior, and glycemia in
trained subjects versus control subjects at breakfast-time
to evaluate the subjective feelings of hunger as meal-start
signals and to distinguish whether they were either
unconditioned or conditioned after training.

The investigation was carried out in patients with func-
tional disorders of the bowel such as dyspepsia, abdomi-
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nal pain, and diarrhea [17]. Data from this group of
patient provide the basis for studies on the effects of
behavioral control of feeding on intestinal diseases in
adults, as it has been obtained in infants [11,14] and chil-
dren [12].

Methods

Setting

In this 7-week pilot study, 158 adults suffering from
diarrhea, abdominal pain, and dyspepsia were recruited
and randomized to experimental (trained; n = 80) and
control (untrained; n = 78) groups (Figure 1). Informed
consent was obtained at the initial meeting from all the
participants, and the local Hospital Committee approved
the study according to the Helsinki Declaration. The sub-
jects did not have impaired glucose tolerance or morpho-
logical, physical, or biochemical signs of diseases.
Reactive C protein was normal. All subjects reduced work
for 3-4 days at the beginning of the experiment and then
conducted their normal routine. The experimental group
was trained with tutorial assistance while the control
group followed their normal routine (Figure 2). After 7
weeks, 64 trained and 72 control subjects completed the
program (Figure 1; Table 1). In the final investigative ses-
sion (week 7; Figure 2), they were asked to estimate their
glucose concentrations in the laboratory and these values
were compared to those determined through a glucose
autoanalyzer. Glycemic measurements were reported on
seven-day food diaries that were available before training
and in the 7th experimental week.

Measurement of glycemia and validation

Subjects in training measured capillary blood by glucom-
eter (a portable potentiometer for whole blood glucose
measurement: Glucocard Memory; Menarini Diagnostics;
Florence, Italy) in the quarter-of-an-hour before intended
meal consumption. Accuracy of measurements by the glu-
cometer was validated at periodic laboratory visits with
measurements by autoanalyzer on blood samples from
the same subjects. In contrast, control subjects did not
have their glycemia measured until the final laboratory
session.

Estimation of glycemia and intake adjustment

On the first training day, subjects were told to ignore pre-
vious meal times and to pay attention to their feelings of
hunger or discomfort. At the earliest feelings of hunger or
discomfort, the subjects measured glucose concentrations
with the portable instrument. This first event of hunger
appeared after the training session with a time interval
that varied widely from 0 up to 48 hours (average 2 h) and
was often far from the usual meal times during the next 3
training days. This suggests that the recorded behavioral
responses were largely spontaneous (unconditioned).
Measurements obtained less than 1 h after a small amount
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158 subjects
|
I |
80 randomized to 78 randomized to
TRAINING GROUP CONTROL GROUP
| |
I 1 | 1
5 excluded 75 continued 74 continued 4 excluded
(2 NIDD, 2 celiac, (3 celiac,
1 Crohn disease) 1 pneumonia)
I — | I — |
TRAINING GROUP 64 TRAINED 72 CONTROL CONTROL GROUP
11 withdrew subjects subjects 2 withdrew
(4 'study too complex, completed the | completed the (1 ‘self recovered’,
7 'did not need more training‘)| 7-week study 7-week study 1 ‘too busy’)

Figure |

Consort flow chart. Randomization of the subjects recruited for this study into trained and control (untrained) groups. The
subjects were men and women, |8 to 60 years of age, with recurrent functional disorders of diarrhea, abdominal pain, or dys-

pepsia.

of food consumption, intense physical activity, or changes
in environmental temperature were excluded from the
analysis. When glycemia was higher than 85 mg/dL,
patients were instructed to delay or skip the meal, to
engage in some activity as a distraction from food, and to
wait for the spontaneous development of novel hunger
feelings for at least one hour before making further blood
glucose measurements. When glycemia was under 85 mg/
dL, patients were instructed to remember their feelings
and to proceed to meal consumption. The glycemic level
of 85 mg/dL was chosen based on the hypothesis, sug-
gested by previous studies, that it represents the upper
limit of homeostatic control of feeding [3-6,11-14]. The
subjects in training attempted to identify the initial hun-
ger or discomfort that was in reliable (+ 4 mg/dL) associ-
ation with a particular blood glucose level below 85 mg/
dL. During the first 3-4 days, energy intake was decreased
and the amount of fruits and vegetables was increased
(0.5-1 kg per day) to reduce conditioned feeding behav-
ior and to promote early occurrence of spontaneous
events of hunger outside of the usual meal time. Follow-
ing meals with low glycemic index [18], hunger events
could be detected and sustained for at least 1 h without
substantial impairment of daily activity. Subjects were
instructed to start a meal within 1 h of the appearance of
these hunger events. They were prohibited from sustain-
ing hunger for longer than 1 h, to avoid glycemic declines
below 65 mg/dL that are known to induce counter-regula-
tory glucose responses [19]. The subjects repeated and
refined this procedure three times a day for at least two
weeks. Phone assistance was provided for the subject to

describe the events of hunger and to report the times of
occurrence, glycemic values, food energy-content, energy
expenditure factors, and meal composition adjustments.
After this training period, patients annotated their estima-
tions of glycemia before the measurements.

Final session

At the final investigative session, the subjects returned to
the laboratory, stated whether they were hungry or not
hungry, and estimated their glucose concentrations before
blood sampling and before breakfast. Control subjects
had ignored the relation between glycemia (referred to the
subjects as "nutrient levels") and feelings of hunger up to
the final session. They were asked to estimate their glucose
levels referring to a range of values that could vary
between the extremes of 60 mg/dL during intense hunger
and 110 mg/dL after a satiating meal. Blood was sampled,
centrifuged immediately, and analyzed in duplicate. The
subjects were then free to eat food that they brought from
home or from the hospital cafeteria under the observation
of an investigator.

Statistics

Values were expressed as means * SD. The analyses
included the t-test on difference and analyses of simple,
linear correlation (r = correlation coefficient in linear
regression), agreement limits and estimation error
between the estimated and measured values of glucose.
The estimation of error was calculated as the mean + SD
of the absolute values of differences from the reference
measurement. The significance of difference and correla-
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RECRUITMENT
Week -2

Initial program visit:
Randomization

Week -1
| |
TRAINED GROUP CONTROL GROUP
Blood sampling Blood sampling
Verbal and written instructions Reassurance
Week 0 Week 0
Free living and phone calls Free living
Feeling hunger and measuring glycemia Reassurance
Weeks 0-2 Weeks 0-7
Diagnosis Diagnosis
Free application of trained skill Anxiety suppression
Weeks 3-7 Week 5
TRAINED GROUP CONTROL GROUP

Final laboratory session
Glycemic estimation and measurement
Week 7

Figure 2

Final laboratory session
Glycemic estimation and measurement
Week 7

Investigation design. A randomized and controlled 7-week pilot clinical investigation to study the acquisition of the capacity
to estimate blood glucose by body feelings after adequate training.

tion was analyzed by two-tailed t-test analysis and Yates
test, and was set at p < 0.05 when one difference was ana-
lyzed between two groups and at p < 0.025 when two dif-
ferences were analyzed between the same two subject
groups, e.g. measured glycemia and estimation error
(Table 2) [20]. Excel 5 (Microsoft Corporation, Redmond,
WA, USA) was used for the analyses.

Results

Sixty-four subjects were trained to regulate eating at home
by measuring blood glucose during feelings of hunger.
The association between feelings and glucose readings
were reported by phone, and could be evaluated during
the 7 weeks of training (see Methods). Subjects showed an
estimation error lower than + 4 mg/dL after less than a
week of training (n = 8) or within the first two weeks of
training (n = 47). The remaining 9 subjects either reached
an estimation error lower than + 4 mg/dL in > 2 weeks or

still showed an estimation error higher than + 4 mg/dL at
the end of the 7-week-training.

Hungry subjects (gastric hunger)

At the final session, the number of trained subjects stating
that they were hungry (18 of 64) was significantly lower
than that of hungry control subjects (42 out of 72; Table
2). All hungry subjects described the hunger feeling as gas-
tric emptiness or gastric pangs. In the hungry trained
group, the mean estimated glycemic concentration was
78.1 + 6.7 and the mean measured value was 80.1 + 6.3
mg/dL (Table 2; Figure 3). This measured glycemia was
significantly lower than the measurements in hungry con-
trol subjects (89.2 + 10.2 mg/dL) and in not-hungry sub-
jects of both trained (90.0 + 6.6 mg/dL) and control (90.6
+ 10.9 mg/dL) groups (Table 2).

The estimation error (the absolute value of the difference

between estimated and measured glucose) in the hungry
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Table I: Trained and control (untrained) groups at baseline and after seven weeks at the final investigative session.

Trained group

Control group

Baseline Investigative
Weeks after baseline 0 7
Number of subjects 64 64
Age (years) 372+ 11.0/ 374+ 11.1
Gender (F/M) 38/26 38/26
Overweight/normal- 22/42 20/44
weight?
Weight (kg) 684+ 15.7 66.2 + 14.63
Body Mass Index (BMI) 24.0 £ 4.7 23.6 + 4.63

Baseline Investigative
0 7

72 72

37.7 £ 10.6 379+ 10.7
46/26 46/26

20/52 20/52

639+ 10.6 632 10.7
228 +2.7 226 +28

'Mean * SD.
2BMI = weight (kg)/height? (m2); Overweight: BMI > 25; Normal-weight:
3 Not significant vs baseline.

trained group (2.6 + 1.9 mg/dL; 3.2 + 2.4% of the meas-
ured value) was significantly lower than that in the hungry
control group (14.9 + 9.8 mg/dL; 16.7 + 11.0%; Table 2;
Figure 3). Linear regressions of the values in the hungry
groups in Figure 3 also show that there was significant cor-
relation between estimated and measured glycemia in the
trained group (r=0.92; p = 0.0001) but not in the control
group (r = 0.29; p = 0.06).

Not-hungry subjects (hunger equivalents)
The trained and control subjects that were not hungry at
the final investigative session significantly underesti-

BMI < 25.

mated their glucose levels. The estimation errors were 4.8
+3.2mg/dLand 16.1 + 11.3 mg/dL in trained and control
groups, respectively (Table 2). The linear correlation
between estimated and measured glycemia was highly sig-
nificant (r = 0.68; p = 0.0001) in the trained group and not
significant in controls (r = -0.12; p = 0.32). The difference
between trained and control groups did not depend on
gender, age, number of years at school, weight, or body
mass index (Table 1). Fourteen out of 46 trained subjects
who were not hungry had glucose concentrations below
87 mg/dL, the maximum limit of glycemia of those who
were hungry (Figure 4). These 14 subjects showed an aver-

Table 2: Estimated versus measured blood glucose at the final laboratory session (week 7).

N Estimated blood

glucose
All Trained 64 849+78/ 872792
Hungry Trained® 18 78167 80.1 £ 6.3
Not-hungry Trained¢ 46  87.6 £ 6.5 90.0 £ 6.67
All Controls 72 785116 89.8 + 10.58
Hungry Controls® 42! 759+9.8 89.2 + 10.27
Not-hungry Controls¢ 30 822+ 12.9 90.6 + 10.9

Measured blood glucose

Difference
(Estimated - Measured)

Estimation error (%)

23+473 4.1 £ 3.1 (47 £ 3.6)*
20+253 26+ 1.9(32+24)
24+£533 48+32 (54 +3.6)
-11.3 £ 14.8%10 154+ 104 (17.1 £ 11.5)
133 £ 1191213 149 £9.8 (16.7 £ 11.0)
8.4+ 1791415 16.1 £ 113 (17.8 £ 12.4)

I'Mean + SD, mg/dL. Subjects stated to be either hungry or not hungry and they estimated their blood glucose at the hospital laboratory before

breakfast.
2 Measurements performed by hospital autoanalyzer.
3 Estimated less measured blood glucose, significant at p < 0.01.

4 Absolute value of difference between estimated and measured blood glucose and, inside parenthesis, % of measurement.
5 Subjects who declared feeling hungry at the laboratory investigative session. The agreement limits (mean difference + 2SD) were -7.0 to +3.0 mg/

dL and -41.3 to +18.6 mg/dL in trained and control groups, respectively.

6 Subjects reporting to be not hungry at the laboratory investigative session. The agreement limits were -12.9 to +8.2 mg/dL and -45.0 to +28.0 mg/

dL in trained and control groups, respectively.
7p < 0.0l vs trained hungry subjects in the respective column.
8p = 0.08, not significant, vs all 64 trained subjects.

?F =10.6, p = 0.0001 on the difference between estimated and measured blood glucose.

10t-test p = 0.0001 vs all trained subjects.
I'p =0.001 vs number of hungry subjects in the trained group.

I2ZF =24.6, p = 0.0001 on the difference between estimated and measured blood glucose.

I3t test p = 0.0001 vs trained hungry subjects.

I4F =11.9, p = 0.0001 on the difference between estimated and measured blood glucose.

I35t test p = 0.07 vs trained not-hungry subjects.
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age estimation error of 4.5 + 3.1% of the measured glyc-
emia, which did not significantly differ from the
estimation error of the 18 trained subjects who were hun-
gry (3.2 + 2.4%; p = 0.20). Under 87 mg/dL, estimation
error was low in both trained and control groups (n = 32;
3.8 +3.7% and n = 31; 13.5 + 8.9% of the measurement,
respectively), independently of the subject's statement on
hunger. In subjects with values above 87 mg/dL of glyc-
emia, the estimation error increased significantly to 5.7 +
3.7% (trained; n = 32; p = 0.04; Figure 5) and to 19.5 +
11.8% (controls; n = 41; p = 0.001).

http://www.nutritionandmetabolism.com/content/3/1/42

Despite their not being hungry, 12 of 14 trained subjects
under 87 mg/dL and 3 of 32 above 87 mg/dL (p = 0.001)
described the subtle feelings they employed to estimate
glycemic concentrations. Thus, compared to controls -
who did not report equivalents of hunger (n = 30) - a sig-
nificantly higher proportion of the 46 not-hungry trained
subject (p = 0.001) was able to report feelings other than
gastric hunger, which were useful in estimating their glyc-
emic levels, and this ability prevailed below 87 mg/dL. In
their reports, these 15 subjects described physical (3 sub-
jects) or mental (10) weakness or abdominal changes in
tension or movement (2). Another 6 of the 46 not-hungry

O Control Hungry

O Trained Hungry
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=) 0 0O o _~=-35
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Measured blood glucose (mg/dL)

Figure 3

Estimated vs measured blood glucose of subjects reporting to be hungry at the final laboratory investigative
session. Hollow red circles, trained hungry subjects (n = 18); hollow black circles, control (untrained) hungry subjects (n = 42).
Linear correlation was significant for the trained data (dashed red line; r = 0.92; p = 0.0001) but not for the control data (dashed

black line; r = 0.29, p = 0.06).
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O Trained Hungry
=  Trained Not-Hungry

90

85

YO
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75
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O

70 - /0

65 A /

Estimated blood glucose (mg/dL)
N\

60 \JM I I I I I 1
60 65 70 75 80 85 90

Measured blood glucose (mg/dL)

Figure 4

Estimated vs measured blood glucose of trained subjects with levels below 87 mg/dL at the final session. The
highest glycemic value measured in trained hungry subjects was 87 mg/dL. Below this value of measured blood glucose, 18 sub-
jects reported to be hungry (hollow red circles) and 14 subjects were not hungry (filled red squares). Linear regression is signifi-
cant for the hungry subjects (dashed red line; r = 0.92; p = 0.0001) but not for those not hungry (solid red line; r = 0.18; p = 0.54).
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O Control Hungry
O  Trained Hungry
=  Control Not-Hungry
=  Trained Not-Hungry

50

Estimated blood glucose (mg/dL)

60 70 80 90 100 110
Measured blood glucose (mg/dL)

Figure 5

Estimation error vs measured blood glucose in the trained and control groups. Consistent with previous figures,
symbols and regression lines are: hollow red circles and dashed red line, trained hungry subjects (n = 18; r = 0.20; p = 0.43); filled
red squares and solid red line, trained not-hungry subjects (n = 46; r = 0.24; p = 0.18); hollow black circles and dashed black line,
control hungry subjects (n = 42; r = 0.55; p = 0.0001); filled black squares and solid black line, control not-hungry subjects (n =
30; r = 0.58; p = 0.001).
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trained subjects, but none of the control subjects, had felt
gastric hunger before entering the hospital for the final
session; however the feeling faded while waiting for the
laboratory session.

In the not-hungry subjects' reports, the feelings of mental
weakness consisted of difficulty in sustained mental con-
centration, impatience, irritability, drowsiness, gnawing
feeling, loss of enthusiasm and effectiveness at mental
work, or poor mood at their jobs. The mental feelings
emerged alone or in addition to gastric or other feelings
and ceased with the meal. Sensing impairment during
physical activity was associated with heavy physical exer-
cise outdoors and often accompanied a change from a
sedentary life style. This feeling was used regularly to indi-
cate meal signal with an increased requirement of high-
energy-dense food for the next meal(s). The prevalence of
these 'hunger equivalents' ranged from an occasional
occurrence to less than 15% of the meals in the phone
reports. Two subjects reported that they never felt (gastric)
hunger, but estimated glycemic concentrations within 6%
estimation error always by assessing mental or muscular
weakness during training or during the final investigative
session. In their reports, these subjects consumed meals at
glycemic estimation of 78 to 85 mg/dL.

Cognitive adaptation to the glycemic concentrations at
initial feelings of hunger

At the final laboratory session, the 64 trained subjects
showed a decrease of 43.1% in reporting hunger events
before breakfast compared to the reported events of the
previous week (Table 3). In contrast, the corresponding
decrease in hunger reports of the 72 controls was only
11.7% (p < 0.0001; Table 3). Compared to the diary
reports of the last training week, the 64 trained subjects
also decreased breakfast consumption by 13.7%, signifi-
cantly more than control subjects (3.8% decrease; p <
0.01; Table 3). The significant reduction in prevalence of
attaining the feelings of initial hunger and consuming
breakfast at the final session in trained subjects suggests

http://www.nutritionandmetabolism.com/content/3/1/42

maintenance of surveillance of body feelings and adapta-
tion of intake to this indicator.

Discussion

The main result of this study is that adult individuals can
be trained to accurately estimate their glucose levels at
meal times. This cognition was achieved by conditioning
the subjects to associate feelings of hunger with low glu-
cose concentrations (Figure 5, red symbols). In contrast,
control (untrained) subjects were unable to recognize
their glycemic levels at meal times (Figure 5, black symbols)
and expressed the will to eat at a wide range of glycemic
values.

These findings suggest (1) that food consumption at high
glycemic concentrations in control subjects may lead to
higher energy intake than in trained subjects [8-14], and
(2) that the lack of correlation between food consump-
tion and glycemia may, at least in part, explain why part
of the population cannot maintain its energy balance.
Since our study was conducted on subjects with gastro-
enteric disorders, it remains to be determined whether
such deficit of association between food intake and glyc-
emia is limited to this patient population or is a more gen-
eral mechanism involved in other metabolic disorders, as
suggested by findings on IgE and antibody to H. pylori
plasma levels [13,14], and by preliminary studies on over-
weight and insulin-resistant adults [21,22].

The collected evidence supports the interpretation that
trained subjects learned to recognize the unconditioned
feelings of hunger. The training in this study was intended
to cut off excess food consumption, i.e. caloric intake
occurring at high (> 85 mg/dL) glycemic concentrations,
through conscious exposure of the subjects to the initial
sensations of hunger arising when glycemia declined
below 85 mg/dL. A 7-week period with association of esti-
mated and measured glycemic values repeated 3 times per
day was sufficient to train the subjects to accurately recog-
nize their glycemia (estimation error < 3-5%; compared

Table 3: Number of hunger events and breakfast consumptions during the 7th week of training (diary) and at the final laboratory

session in trained (n = 64) and control (n = 72) subjects.

Trained group

Control group

Hunger events in diary!

Hunger events at the final session

Difference in hunger reports (% final - % diary)
Breakfast consumptions in diary

Breakfast consumptions at the final session

Difference in breakfast consumption (% final -
% diary)

71.2% (319/448)
28.1% (18/64)
-43.1%

74.6% (334/448)
60.9% (39/64)
-13.7%

70.0% (353/504)
58.3% (42/72)
-11.7%2

85.7% (432/504)
81.9% (59/72)
-3.8%3

I Data are reported as percentages of the total (n values are indicated in parenthesis).

2(p < 0.0001) vs decrease in trained subjects (Chi square).
3 (p < 0.01) vs decrease in trained subjects (Chi square).
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to 10-20% of controls; Table 2 and Figure 5), as tested at
the final laboratory session. In addition to greater accu-
racy in glycemia estimation in the trained subjects com-
pared to the control group, the data also indicate that
estimated glycemic values were more accurate at glycemic
concentrations below 87 mg/dL in both groups, inde-
pendently of the feelings of hunger, compared to values
estimated at high glycemic concentrations (Figure 5).
Greater accuracy in the recognition of the sensations of
initial hunger identified at low glycemic concentrations
suggests that such feelings could be used as a reliable sig-
nal for meal consumption.

It is unlikely that the training per se simply established a
new conditioning of the feeding behavior at lower glucose
levels. First, most patients had pre-prandial high glycemic
levels at baseline and they reported the sensations of ini-
tial hunger associated with low glycemia during the initial
training as 'novel'. Second, during the first 3-4 days of
training, the chosen sensations of initial hunger used to
start a meal arose spontaneously (i.e. they were not trig-
gered by external events related to food consumption,
such as the sight of the dinner-table) and unexpectedly
during working or entertaining activities, and persisted for
at least 1 h. Third, at the final laboratory session, the
number of trained subjects that recognized the appear-
ance of sensations of initial hunger similar to those expe-
rienced during the training at low glycemic concentrations
was significantly lower than in the control group (18 out
of 64 vs 42 of 72, respectively; Table 3) and the number of
trained subjects who refused breakfast was significantly
higher (39.1%) than that of controls (18.1%; Table 3).
These observations suggest that the expression of a spon-
taneous and novel sensation of initial hunger at low glyc-
emia in trained subjects did not simply reflect habitual
repetition of a new conditioning caused by the training
but rather was a cognitive ability to distinguish between
low and high glycemic levels.

In previous studies, expressions of hunger have been
reported at levels below about 60 mg/dL obtained follow-
ing infusion of insulin or following prolonged food
abstention [19,23]. These values are lower than those
reported here. However, other studies showed that hunger
in time-blinded subjects was preceded by transient blood
glucose declines beginning at about 80 mg/dL [3-6,24] or,
in some cases, at values as high as 100 mg/dL [5,24].
These data suggest that many factors - such as composi-
tion of previous meal, health status, age, and time-condi-
tioning - affect the initiation of hunger and/or that
different sensations of hunger are caused by separate
mechanisms.

The arousal of unconditioned sensations of initial hunger
below 87 mg/dL of glycemia in the trained subjects of our

http://www.nutritionandmetabolism.com/content/3/1/42

study is similar to the data of Melanson et al. [3] on time-
blinded subjects in the morning who expressed hunger
around 80 mg/dL after different lag times. In time-blinded
young adults, Chapelot et al. [24] also showed that hun-
ger expressions were associated with transient blood glu-
cose declines from a mean glycemia of 100 mg/dL, but the
subjects were conditioned by the past habit of snacking in
the afternoon. The present study suggests that, in addition
to time-blinding [3,24] and transient declines in blood
glucose [[3,24], and this study], recognition of the sensa-
tions experienced during early training in association with
low glycemia, as observed at the final session, indicate
identification of unconditioned mechanisms of hunger in
coincidence with metabolic insufficiency, as shown in rats
by Nicolaiidis and Even [25]. This ability appeared partic-
ularly well trained in six subjects who reported that their
hunger feelings outdoors, in the cold winter climate,
faded indoors, in the overheated hospital rooms, due to
decreased metabolic rate at high environmental tempera-
ture [26].

One possible explanation for the effects of training
observed in this study is that, below a given level of glyc-
emia, the trained subject responded to sensations of hun-
ger similar to those that stimulate a two-year old child to
demand food [11]. Young humans [24] and mice [6]
accustomed to scheduled eating express hunger and tran-
sient blood glucose declines at a mean glycemia of 100
mg/dL. This implies that adults acquire conditioned hun-
ger reflexes at high glycemia, leading to consumption of
food in excess to what is necessary for energy balance.
Consistent with this hypothesis is the observation that
feeding 2-year-old children only following their uncondi-
tioned request of food succeeded in energy balance and
body growth, and that their growth was associated with
decreased energy intake [11-13] and with decreased meta-
bolic rate [27].

Further data are necessary to establish if the training pre-
sented in this study will lead to reduced food intake and
improvement of symptoms associated with gastro-intesti-
nal disorders or other pathologic states [13,14,21,22].

Conclusion

Humans can learn to distinguish the feelings of uncondi-
tioned hunger that arise at glycemic concentrations below
80-90 mg/dL from those that are conditioned and arise at
glycemic concentrations higher than 80-90 mg/dL. This
cognition may help in reducing conditioned eating in
order to maintain energy balance.

Abbreviations
BMI: body mass index, weight (kg)/square height (m)

r: linear correlation coefficient
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