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OBJECTIVE — To determine the effect of varying the amount of carbohydrate and
glycemic index (GI) of breakfast test meals on plasma free fatty acid (FFA) responses of
nondiabetic subjects and to see whether the glycemic response at lunch was related to
the plasma FFA response to breakfast.

RESEARCH DESIGN AND METHODS— We studied eight subjects over a
6-h period on four separate occasions using a randomized Latin-square design. They
received isocaloric breakfast test meals that were either high (84 g) or low (41 g) in
carbohydrate and had either a high (~ 100) or a low (~70) GI, followed by a standard
lunch 4 h later.

RESULTS — The initial fall in plasma FFAs after breakfast was similar for all four
test meals, but the extent of rebound differed significantly. The mean plasma FFA
concentration just before the start of lunch (4 h) was highest after the low-GI, low-
carbohydrate breakfast (418 ± 42 jamol/1), followed by high-GI, low-carbohydrate
(277 ± 48 jxmol/1), high-GI, high-carbohydrate (227 ± 32 /jtmol/1), and low-GI,
high-carbohydrate (149 ± 23 jutmol/1) (P < 0.01). The concentration of plasma FFAs
at 4 h was directly related to the total area under the glycemic response curve to lunch
(r = 0.691, n = 32, P < 0.0001).

CONCLUSIONS — In nondiabetic subjects, the type and amount of carbohydrate
eaten at breakfast influences the plasma glucose, insulin, and FFA responses to break-
fast and also affects the glucose, insulin, and FFA responses to a subsequent standard
lunch. The glycemic responses after lunch were closely related to the plasma FFA
concentration 4 h after breakfast, which we speculate is due to the inhibitory effect of
FFAs on insulin action.
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There has been much interest in de-
termining how diet influences post-
prandial plasma glucose and insulin

responses (1), which may make an im-
portant contribution to overall plasma
glucose and insulin concentrations. In-
creased plasma glucose and insulin may
be related, at least in part, to the patho-
genesis of non-insulin-dependent diabe-
tes mellitus (NIDDM) (2) and atheroscle-
rosis (3), and high plasma glucose level to
the microvascular complications of diabe-
tes (4). Reducing postprandial glucose
and insulin responses with soluble fiber
(1), low-glycemic index (GI) foods (5),
increased meal frequency (6), and a-glu-
cosidase inhibitors (7) reduces mean
blood glucose and insulin concentrations
over the course of the day. Less attention
has been paid to dietary factors that affect
postprandial plasma free fatty acids
(FFAs). Nevertheless, plasma FFA con-
centrations are raised in NIDDM subjects
(8). Raised plasma FFA concentrations, at
least in some circumstances, may contrib-
ute to insulin resistance (9,10), reduce
glucose oxidation (11), and increase he-
patic glucose (9,10) and triglyceride pro-
duction (12,13).

If nondiabetic subjects ingest 50 g
oral glucose, plasma FFA concentrations
fall to reach a nadir ~2 h after the start of
glucose consumption and then rebound
above the baseline level by 4 h (14). Pre-
vious studies have shown that slowing of
glucose absorption by adding soluble fi-
ber (15) or by sipping glucose slowly (14)
prevents the rebound of FFAs and is as-
sociated with improved carbohydrate tol-
erance 4 h after the start of glucose con-
sumption. Low-GI starchy foods (16) and
high-carbohydrate breakfasts (17) are as-
sociated with improved second-meal car-
bohydrate tolerance, but it is unknown
whether this is related to differences in the
plasma FFA response to breakfast.

The primary purpose of this
study, therefore, was to determine
whether the type and amount of carbohy-
drate eaten at breakfast influences post-
prandial plasma FFA concentrations. We
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Table 1—Foods in the four different breakfast test meals

White bread (g)
Cornflakes (g)
Oat cereal (g)
Whole milk (g)
2% milk (g)
Margarine (g)
Cheddar cheese (g)
Orange juice (g)

High-carbohydrate

High-GI

44
60

—
—
100
—
23

100

Low-GI

40
—
83

—
100 •

3
10

100

Low-carbohydrate

High-GI

20
20

—
100
—
13
45

100

Low-GI

20
—
29

100
—
16
36

100

hypothesized: 1) that low-GI and high-
carbohydrate breakfasts would reduce
the plasma FFA rebound before lunch
compared with high-GI and low-carbo-
hydrate breakfasts; and 2) that the glyce-
mic response to a standard lunch would
be directly related to the plasma FFA con-
centration at the start of lunch.

RESEARCH DESIGN AND
METHODS— Eight subjects (four
men, age 25 ± 1 years, weight 78.0 ± 6.6
kg, body mass index 24.9 ± 0.9 kg/m2;
four women, age 28 ± 1 years, weight
57.7 ± 2 . 1 kg, body mass index 21.9 ±
1.4 kg/m2) were studied on four separate
occasions separated by at least a 1-week
interval, using a randomized Latin-square
design. The subjects were instructed to
maintain their normal diet throughout
the course of the study. The protocol for
the study was reviewed and approved by
the human subjects review committee of
the University of Toronto.

Subjects came to the Clinical Nu-
trition and Risk Factor Modification Cen-
tre at 0730 after a 10- to 12-h overnight
fast. An indwelling cannula was inserted
into a forearm vein, a fasting blood sam-
ple was withdrawn, and the cannula was
kept patent by flushing with normal sa-
line. The subjects then ate one of four dif-
ferent isocaloric test breakfasts over a 20-
min period and remained seated over the
next 4 h, during which time further blood
samples were taken 1/2,1,11/2,2,3, and
4 h after the start of breakfast. Immedi-

ately after the 4-h blood sample, the sub-
jects ate a standard lunch, the composi-
tion of which was exactly the same on
each occasion. Further blood samples
were taken 1/4,1/2, 3/4,1,1 1/2, and 2 h
after the start of the lunch meal.

The compositions of the breakfast
test meals are shown in Tables 1 and 2.
The four breakfast meals were isocaloric
but varied in the amount and type of car-
bohydrate they contained according to a
2 X 2 Latin-square design. Two of the
meals were high in carbohydrate (~84 g;
~66% of energy), and two were low in
carbohydrate (~41 g; ~33% of energy)
with the reduction in carbohydrate being
accomplished by an isocaloric exchange
with fat. Two of the meals had a high GI
(-100), and two had a low GI (-70),

with the difference being due to an ex-
change of breakfast cereal (high GI, corn-
flakes, GI = 121; low GI, psyllium oat
cereal, GI = 61). Thus, the four breakfast
meals tested were high-carbohydrate,
high-GI; high-carbohydrate, low-GI; low-
carbohydrate, high-GI; and low-carbohy-
drate, low-GI. A constant amount of milk
and orange juice was given with each of
the four breakfast meals to keep constant
the amount of simple carbohydrate. The
GI is denned as the incremental area un-
der the blood glucose response curve for a
food expressed in percent of that for an
equal carbohydrate portion (50 g of car-
bohydrate) from white bread tested by
the same subjects (18). The GI of corn-
flakes was taken to be 121, which is the
previously published average from four
separate studies (18). The low-GI cereal, a
psyllium-enriched oat cereal, was devel-
oped as a prototype, low-GI breakfast ce-
real. Based on tests in 13 nondiabetic sub-
jects (4 male and 9 female, only 1 of
whom participated in the studies re-
ported here), the incremental area under
the glycemic response curve for the oat
cereal was significantly less than that of
white bread (Fig. 1), with a GI of 61 ± 8.

The standard lunch meal con-
sisted of 90 g white bread, 10 g marga-
rine, 45 g cheddar cheese, 50 g tomato,
14 g raisins, 100 g apple juice, and 30 ml
whole milk (575 kcal), 68 g (47% of en-

Table 2—Composition of breakfast test meals

Energy (kcal)
Protein (g)
Carbohydrate (g)
Simple sugars (g)
Fat(g)

Total
Saturated
Monounsaturated
Polyunsaturated

GI

High-carbohydrate

High-GI

504
18.5
84.3
19.2

10.6
6.1
3.4
0.3

102.0

Low-GI

503
20.0
83.3
20.7

9.7
3.6
3.5
2.1

69.7

Low-carbohydrate

High-GI

501
18.9
41.1
15.9

30.1
14.2
10.0
4.8

92.5

Low-GI

504
18.8
41.3
16.6

29.9
12.5
10.3
6.2

70.0
Meal GI was calculated from the GI values of the individual foods in the test meals.
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Figure 1—Capillary blood glucose responses of
50-g carbohydrate portions of white bread (#)
and the psyllium oat cereal (Q) used in this study
in the low-GI breakfasts. The values are means ±
SEfor 13 nondiabetic subjects.

ergy) carbohydrate, 26 g (40%) fat, and
20 g (14%) protein. Breakfast and lunch
test meals were served with a cup of wa-
ter, coffee, or tea (plus artificial sweetener
and/or 30 ml 2% milk if desired) accord-
ing to the subject's choice. The drinks
chosen by each subject were kept stan-
dard for all four tests. A nonhydroge-
nated, canola oil margarine was used for
all breakfast and lunch test meals (Becel,
Lipton, Toronto, Canada).

Blood samples were taken into
3-ml sodium fluorocitrate Vacutainers
(Becton Dickinson, Rutherford, NJ). After
centrifugation at 2,000 rpm for 5 min,
plasma was removed and aliquots were
frozen at — 20°C before analysis. Plasma
glucose was measured using an automatic
glucose analyzer (model 2300 STAT, YSI,
Yellow Springs, OH). Plasma FFA and tri-
glyceride concentrations were measured
enzymatically using commercially avail-
able kits (FFA: Wako, Osaka, Japan; tri-
glyceride: GPO-Trinder, Sigma, St. Louis,
MO]). Plasma insulin was measured by
radioimmunoassay using a commercially
available kit (Insulin R1A 100, Pharmacia,
Dorval, Canada).

Results are expressed as means ±
SE. Areas under the curve were calculated
geometrically in two ways. The incremen-
tal area under the curve, ignoring the area

below fasting, was used to indicate the
overall rise of plasma glucose or insulin
above the baseline for 2 h after the start of
the meal. For breakfast, the fasting level
was taken to be the baseline; for lunch,
the value at 4 h was taken as the baseline.
The total area under the curve was used to
indicate the average concentration of
plasma glucose, insulin, FFAs, and tri-
glycerides after the breakfast and lunch
meals. For breakfast, the total area was
calculated over the 4 h after the start of
the meal (0-4 h), and for lunch the total
area was calculated over the 2 h (4-6 h)
for which blood was sampled.

Since the experiment was de-
signed as a 2 X 2 Latin square, the data
were subjected to analysis of variance
(ANOVA), and we examined for the main
effects of carbohydrate level and GI and
interaction between carbohydrate level
and GI. For the main effect of carbohy-
drate, the means of the two high-carbohy-
drate treatments (i.e., high and low GI)
were compared with the means of the two
low-carbohydrate treatments, with the F
value from the ANOVA indicating
whether the differences were statistically
significant. Similarly, for the main effect
of GI, the means of the two low-GI treat-
ments (i.e., high- and low-carbohydrate)
were compared with the means of the two
high-GI treatments. To determine the sig-
nificance of differences between individ-
ual means for the four treatments, the
Neuman-Keuls procedure was used to
adjust for multiple comparisons. Linear
regression analysis was used to determine
the relationship between FFA concentra-
tion at 4 h and the glycemic response to
lunch, expressed as the total area under
the curve using the individual values for
eight subjects on four test occasions. Re-
lationships between other variables were
also determined in the same way.

RESULTS

Responses to breakfast (0-4 h)
The mean fasting levels of plasma glucose
were virtually identical before each of the
four different breakfast meals. There was a

significant main effect of carbohydrate on
the total and incremental areas under
the plasma glucose curves. The total
area under the plasma glucose curve af-
ter the two low-carbohydrate meals
(mean of high and low GI) was signifi-
cantly lower than that for the two high-
carbohydrate meals (20.0 ± 0.5 vs.
22.2 ± 0.8 mmol • h • I"1, F = 30.23, P
< 0.001; Table 3). Similarly, the incre-
mental area after the two low-carbohy-
drate meals (mean of high and low GI),
1.1 ± 0.2 mmol *h* I"1, was signifi-
cantly less than after the two high-
carbohydrate meals, 2.9 ± 0.4
mmol • h • I"1 (F = 68.04, P < 0.001;
Table 3).

The main effect of GI was signifi-
cant for the incremental area but not for
the total area under the glucose curve.
The mean incremental area under the
plasma glucose curve after the low-GI
meals (mean of high- and low-carbohy-
drate, 1.7 ± 0.3 mmol • h • I"1) was sig-
nificantly less than that after the high-GI
meals (2.3 ± 0.3 mmol -h -T 1 ) (F =
9.41, P < 0.05; Table 3). There was a
significant interaction between carbohy-
drate level and GI. The incremental area
under the plasma glucose curve after the
high-carbohydrate, low-GI breakfast (2.3
± 0.3) was 34% less than that after the
high-carbohydrate, high-GI breakfast
(3.5 ± 0.5, P < 0.05; Table 3); but GI had
no effect on the glycemic response to the
low-carbohydrate breakfasts. Four hours
after the start of breakfast, the mean
plasma glucose concentration after the
low-GI breakfasts (mean of high- and
low-carbohydrate, 5.1 ± 0.1 mmol/1) was
significantly greater than the mean after
the two high-GI breakfasts (4.7 ± 0 . 1
mmol/1) (F = 12.73, P < 0.01; Table 3,
Fig. 2). At 4 h, plasma glucose was highest
after high-carbohydrate, low-GI and low-
est after high-carbohydrate, high-GI
breakfast (5.2 ± 0.1 vs. 4.6 ± 0.1 mmol/
1), with the values for the low-carbohy-
drate breakfasts being intermediate.

The pattern of plasma insulin re-
sponses was similar to that of glucose re-
sponses, and the significant main effects
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Table 3—Areas under the curve and plasma concentrations at 4 hfor plasma glucose, insulin, FFAs, and triglycerides

Glucose (mmol/1)
B-1AUC

B-TAUC
B-4h

L-1AUC

L-TAUC
Insulin (pmol/1)

B-1AUC
B-TAUC
B-4h

L-1AUC

L-TAUC
FFAs (jLtmol/1)

B-TAUC
B-4h
L-TAUC

Triglycerides (mmol/1)
B-TAUC
B-4h
L-TAUC

High-carbohydrate

High GI

3.5±0.5Tf§
22.0 ± 1.0f§

4.6 ± 0.1t§
2.4 ± 0.4T

11.6±0.4§

511 ± 147f§
786 ± 194=F§
46 ± 9t§

308 ± 69§
400 ± 86§

485 ± 49§
227 ± 32t§
298 ± 34?§

3.40 ± 0.81
0.89 ± 0.28
2.14 ± 0.70

LowGI

2.3 ± 0.3*=f§
22.3 ± 0.6f§
5.2 ± 0.1*^
1.1 ±0.2*t§

11.3±0.3f§

376 ± 77
665 ± 110f§

72 ± 9*=f
252 ± 43§
396 ± 57§

555 ± 62§
149 ± 25*f§
220 ± 36t§

3.61 ± 0.75
0.95 ± 0.24
2.00 ± 0.39

Low-carbohydrate

High GI

1.1 ±0.2*t
19.8 ± 7.0*t
4.8±0.1t
2.7 ± 0.5t

12.2 ± 0.4t§

180 ± 36*
399 ± 58*t
5 4 ± 8 t

353 ± 63
461 ± 74§

608 ± 64§
277 ± 48t§
450 ± 76*t

4.50 ± 0.89
1.24 ± 0.21
2.69 ± 0.49

Low GI

1.1 ±0.3*T
20.1 ± 0.5*t

5.0 ±0.1*
3.0 ± 0.4t

13.1 ±0A*n

182 ±41*
427 ± 70*t

65 ± 13*
467 ± 110*t
597 ± 132*tf

1015 ± Il6*n
418 ± 42* t^
501 ± 60*t

3.94 ± 0.80
1.21 ± 0.28
2.46 ± 0.48

Carb

(1,7)
68.04||
30.23||
0.01

11.831
12.91||

10.481
10.451
0.00
8.001
7.881

29.96||
13.31||
15.95||

5.06
13.92||
12.181

F values (df)

GI

(1,7)
9.411
0.48

12.73||
1.51
0.96

1.90
0.73

38.84||
1.58
5.771

10.411
0.73
0.22

0.19
0.05
0.54

Carb X GI

(1,21)
7.071
0.01
2.18
6.281
3.72

1.22
1.01
4.09
4.12
2.37

6.391
8.75||
2.41

1.05
0.15
0.03

Data are means ± SE. B, breakfast; L, lunch; IAUC, incremental area under the curve; TAUC, total area under the curve; 4 h, concentration at 4 h (i.e., just before
the patient started to eat lunch). F values from ANOVA for main effects of carbohydrate (Carb), GI and interaction between carbohydrate and glycemic index
(Carb X GI). See text for explanation of statistical analysis. *Significantly different from high-carbohydrate, high GI: P < 0.05. TSignificantly different from
high-carbohydrate, low GI: P < 0.05. f Significantly different from low-carbohydrate, high GI: P < 0.05. §Significantly different from low-carbohydrate, low GI;
P < 0.05. Significance of main effects: IP < 0.05; \\P < 0.01.

of carbohydrate were found on the total
(F = 10.45) and incremental areas (F =
10.48) under the plasma insulin curves (P
< 0.05; Table 3 and Fig. 2). The main
effect of GI on the incremental area under
the insulin response curve did not reach
statistical significance. However, for the
high-carbohydrate breakfasts, the differ-
ence in plasma insulin between low- and
high-GI treatments was significant at 1 h
(Fig. 2). A main effect of GI on the plasma
insulin concentration was noted at 4 h (F
= 38.84, P < 0.001) with low-GI meals
resulting in higher insulin concentrations
at 4 h than high-GI meals (Table 3 and
Fig. 2).

Plasma FFA concentrations were
suppressed initially to an equivalent ex-
tent after each of the four meals. How-
ever, between 2 and 4 h after breakfast,
there were significant differences in FFA

responses. Low carbohydrate produced a
marked rebound of FFAs, with the mean
concentration for high and low GI at 4 h
(347 ± 91 /imol/1) being 85% higher
than the mean for the two high-carbohy-
drate breakfasts (188 /wmol/l) (F = 13.31,
P < 0.01; Table 3). There was a signifi-
cant carbohydrate X GI interaction (F =
8.75, P < 0.01), indicating that the effect
of the GI differed depending on the level
of carbohydrate. For the low-carbohy-
drate breakfasts, a low GI was associated
with a significantly higher FFA rebound
than a high GI. However, for the high-
carbohydrate breakfasts, a low GI was as-
sociated with a significantly lower plasma
FFA concentration than a high GI (Fig. 2
and Table 3). Indeed, there was almost no
rebound of plasma FFA concentrations
after the high-carbohydrate, low GI
breakfast, with the mean concentration at

4 h being only 1.8 times greater than that
at its nadir (1 h), compared with a high-
carbohydrate, high-GI meal for which the
mean FFA concentration at 4 h was 7.6
times greater than that at its nadir (1.5 h).

There was a significant main effect
of carbohydrate on the plasma triglycer-
ide concentrations at 4 h (F = 13.92, P <
0.01; Table 3) with higher levels after the
low- than the high-carbohydrate break-
fasts. GI had no effect on triglyceride con-
centrations.

Responses to the standard lunch
(4-6 h)
There was a significant main effect of car-
bohydrate on the total and incremental
glycemic response areas after the standard
lunch. After the low-carbohydrate break-
fasts (mean of high- and low-GI), the mean
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Figure 2—Responses of plasma glucose, insulin, FFAs, and triglycerides of eight nondiabetic subjects
after four different breakfasts followed by a standard lunch. The breakfast meals followed a 2 X 2
factorial design and consisted of high carbohydrate ( ) or low carbohydrate (- - -) and high Gl ( # )
or low Gl (O). Values are means ± SE. Letters indicate significant differences (P < 0.05) between
means as follows: a, # # vs. O O.' b, • • vs. # — • ; c, # # vs. O—O> d,
O O vs. • - - • ; e, O O vs. O""0,7, • " " • vs. 0 ™ 0 -

total (12.7 ± 0.4 mmol • h • 1 x) and incre-
mental (2.9 ± 0.4 mmol • h • I"1) areas un-
der the plasma glucose response curves af-
ter the standard lunch were significantly
greater than the respective mean values af-
ter the two high-carbohydrate breakfasts
(11.5 ± 0.3 mmol • h • I"1, F = 12.91, P <
0.01; 1.8 ± 0.2 mmol • h • I"1, F = 11.83,
P < 0.05; Fig. 2 and Table 3). The highest
glycemic response for lunch was seen after

the low-carbohydrate, low-GI breakfast,
with a total area under the curve of 13.1 ±
0.4 mmol • h"1 • I"1, a value that was sig-
nificantly greater than those for the lunches
after the other three breakfasts (Table 3).
The lowest glycemic response for lunch was
after the high-carbohydrate, low-GI break-
fast, with an incremental area under the
curve of 1.1 ± 0.2 mmol • h • I"1, a value
that was significantly less than that after the

lunches that followed the other three break-
fasts (Table 3).

In general, the pattern of plasma
insulin responses after the standard lunch
was similar to that for plasma glucose,
with significant main effects of carbohy-
drate on the total (F = 7.88, P < 0.05)
and incremental (F = 8.00, P < 0.05)
areas under the plasma insulin curves.
Varying Gl at breakfast did not signifi-
cantly affect the insulin response after
lunch, except that low-carbohydrate,
low-GI meals produced the highest total
area under the insulin response curve
(Table 3).

There were significant main ef-
fects of breakfast carbohydrate content on
the plasma FFA (F = 15.95, P < 0.01)
and triglyceride (F = 12.18, P < 0.02)
areas under the curve after the standard
lunch, with higher levels after low- than
after high-carbohydrate breakfasts. There
was no significant main effect of breakfast
Gl on the total FFA or triglyceride areas
after lunch.

The total area under the plasma
glucose response to lunch was signifi-
cantly related to the concentration of
plasma FFAs at 4 h, just before the start of
lunch (r = 0.691, P < 0.0001; Fig. 3).
The FFA concentration at 4 h accounted
for 48% of the variability of the total area
under the glucose response curves to
lunch. By contrast, the total area under
the plasma insulin curve accounted for
only 17% of the variability of the total
area under the plasma glucose response
curve to lunch (r = 0.409, P < 0.02; Fig.
4). The total area under the plasma glu-
cose curve after lunch was not related to
the plasma triglyceride (r = 0.089, P =
0.63), insulin (r = 0.117, P = 0.52), or
glucose (r = 0.166, P = 0.36) concentra-
tions just before lunch (Fig. 3). The
plasma FFA concentrations before lunch
were not related to the plasma triglyceride
concentrations before lunch (r = 0.25, P
= 0.17; Fig. 4).

CONCLUSIONS — The results show
that plasma FFA concentrations in nondi-
abetic subjects in the middle of the day
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Figure 3—Relationships between the glycemic response to the standard lunch and the concentrations

of plasma FFAs (r = 0.691,? < 0.0001; A), triglycerides (r = 0.089, P = 0.63; B), insulin (r = 0.117,

P = 0.52; Q, and glucose (r = 0.166, P = 0.36; D) 4 h after the four different breakfast test meals. The

glycemic response is expressed as the total area under the plasma glucose response curve.

may vary markedly depending on the
type and amount of carbohydrate eaten at
breakfast. The blood glucose and insulin
responses to a standard lunch also de-
pend on the nature of the breakfast con-
sumed 4 h earlier, with the glycemic re-
sponse to lunch being closely related to
the plasma FFA concentration just before
the start of the midday meal. Low-carbo-
hydrate breakfasts resulted in more
marked FFA rebound and impaired car-
bohydrate tolerance to lunch compared
with high-carbohydrate breakfasts. A low
GI was effective only in suppressing FFAs
and improving second-meal carbohy-
drate tolerance when present in a high-
carbohydrate meal.

The present results confirm previ-
ous studies showing that high-carbohy-

drate and low-GI breakfasts improve
blood glucose responses to the subse-
quent lunch, the so-called second-meal
effect (16,17). In the present study, there
was a clear effect of low-carbohydrate lev-
els in impairing second-meal carbohy-
drate tolerance. With respect to the effect
of GI, previous studies have all used high-
carbohydrate breakfasts (i.e., >60% en-
ergy). In the present study, considering
the high-carbohydrate breakfasts, a low
GI was associated with improved second-
meal carbohydrate tolerance compared
with a high GI. It was of interest that the
opposite was seen for the low-carbohy-
drate breakfasts, where the low-GI break-
fast tended to impair second-meal carbo-
hydrate tolerance compared with the
high-GI breakfast. Glycemic profiles

throughout the day in normal (19) and
diabetic (20) subjects on high-and low-GI
diets suggest that reducing dietary GI re-
sults in the expected reduction in blood
glucose after breakfast and dinner but no
difference after lunch. Thus, taken to-
gether with previous studies, the current
results raise the interesting possibility
that what is eaten for breakfast may actu-
ally have a greater effect in determining
plasma glucose levels after lunch than
what is eaten for lunch.

We consider our most novel and
significant finding to be the demonstra-
tion that the composition of breakfast has
a major effect on postprandial FFA re-
sponses with the differences persisting
into the middle of the afternoon even after
consumption of a standard lunch con-
taining 68 g carbohydrate. In the litera-
ture, significant differences in plasma FFA
responses after test meals of various com-
position have been difficult to detect and
have been relatively small when seen (21-
23). There may be several reasons for this.
Fasting FFA concentrations tend to be
quite variable, as demonstrated here, and
hence it is difficult to match the fasting
levels for the different treatments. In stud-
ies in which FFA responses are measured
for only 2-3 h, differences between meals
may not be apparent because the initial
suppression of FFAs is similar for meals of
markedly different composition, most
likely because only a small increase in
plasma insulin is required to inhibit hor-
mone-sensitive lipase and to reduce FFA
release from adipose tissue (24). In addi-
tion, some studies have examined FFA re-
sponses after lunch test meals, which may
be different from those after breakfast
meals.

After a rapidly absorbed carbohy-
drate, such as glucose, is consumed,
plasma glucose and insulin concentra-
tions rise rapidly. The high insulin con-
centration increases the rate of glucose
disposal to such an extent that it becomes
greater than the rate of glucose absorp-
tion, resulting in an undershoot of blood
glucose and insulin to below their base-
line levels. In the present study, after the
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high-GI, high-carbohydrate breakfast,
blood glucose levels fell below the base-
line at 3 or 4 h in seven of eight subjects
but undershot in only one subject after
the low-GI, high-carbohydrate breakfast.
The undershoot of glucose is associated
with a small increase in counterregulatory
hormones such as glucagon and cat-
echolamines (14) which, in conjunction
with the low insulin, activate FFA release
from adipose tissue, causing plasma FFA
concentrations to rise. Sipping glucose
slowly to prevent the undershoot of blood
glucose prevents the rebound of FFAs
(14). Thus, the reduced FFA rebound
seen after the low compared with the
high-GI, high-carbohydrate breakfasts is
consistent with the concept that low-GI
starchy foods are slowly digested. This is
further supported by the fact that plasma
glucose and insulin concentrations at 4 h
were significantly higher after the low-
than the high-GI breakfasts. Neverthe-
less, even after the high-GI, high-carbo-
hydrate breakfast, plasma FFAs re-
bounded significantly less then after the
low-carbohydrate breakfasts.

Postprandial plasma FFAs may
also be derived from the action of lipopro-
tein lipase on triglyceride-rich lipopro-
teins such as chylomicrons derived from
dietary fat. Although most of the FFAs
released from lipoproteins in the circula-
tion are taken up into adipose tissue, the
glycerol and ~30% of the FFAs remain in
the bloodstream to be cleared by the liver
(25). The low-carbohydrate meals were
higher in fat and resulted in significantly
higher postprandial serum triglyceride
concentrations than the high-carbohy-
drate breakfasts. Since hydrolysis of se-
rum triglycerides by lipoprotein lipase is a
source of plasma FFAs, the rise in triglyc-
erides associated with the low-carbohy-
drate breakfasts may partly explain why
these meals were associated with higher
postprandial FFA levels than were the
high-carbohydrate breakfasts. However,
there was no relationship between plasma
triglyceride and FFA concentrations at 4
h. This and the fact that the highest FFA
rebound was seen after the low-GI, low-

carbohydrate breakfast suggests that
there is an interaction between the effects
of fat and the type and quantity of carbo-
hydrate on plasma FFA concentrations.

The present results are consistent
with our previous study showing that the
rebound of FFAs after bolus glucose con-
sumption was associated with impaired
disposal of an intravenous glucose load
(14). In the present study, the concentra-
tions of plasma FFA just before lunch
were positively related to the mean
plasma glucose concentrations (i.e., total
areas under the curve) after the standard
lunch. Indeed, plasma FFA concentration
at 4 h was the most important determi-
nant of the glycemic response to lunch,
explaining nearly 50% of its variance.
FFAs have been shown to impair insulin-
mediated glucose disposal and enhance
hepatic glucose output (10). Raising
plasma FFA concentrations by intrave-
nous infusions of lipid and heparin has
been shown to have a rapid (within 1 h)
effect in increasing fat oxidation and de-
creasing carbohydrate oxidation (26).
However, it took 2-4 h for glucose disap-
pearance to decrease. Boden et al. (27)
have suggested that raised plasma FFAs
reduce glucose uptake primarily by re-
ducing glycogen synthesis, initially by re-
ducing glucose transport or phosphoryla-
tion and later by reducing muscle
glycogen synthase activity (27). Thus,
raised plasma FFA concentrations may
increase blood glucose by inducing insu-
lin resistance at the peripheral and the he-
patic level (27).

The breakfast test meals tested
here were designed to be realistic in terms
of the amount of energy they contained
and the composition of macronutrients.
The types of foods used for the high- and
low-carbohydrate breakfasts were kept
the same in order to introduce as few vari-
ables as possible with respect to the na-
ture of the sugars and the fatty acid com-
position of the meals. In the high-
carbohydrate breakfasts, there was
perhaps a larger amount of cereal than
might usually be eaten. This was neces-
sary to obtain a relatively large difference
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Figure 4—Relationship between plasma con-

centrations of FFAs and triglycerides 4 h after the

different breakfast test meals (r = 0.250, P =

0.17; A) and relationship between the plasma glu-

cose and insulin responses after the standard

lunch (r = 0A09, P = 0.020; B). Glucose and

insulin responses are expressed as total area un-

der the curve (AUC).

in meal GI by exchanging the breakfast
cereal in meals that contained a signifi-
cant proportion of their carbohydrate
from other foods. Milk and orange juice
were added to make the meals more pal-
atable and realistic, but the amounts were
kept constant for all four meals; therefore,
any differences observed could not be at-
tributed to differences in the absolute
amount of lactose or fructose in the test
meals. The macronutrient composition of
the low-carbohydrate breakfast was de-
signed to be similar to that for a breakfast
of bacon, scrambled eggs, hashed brown
potatoes, and juice.

It has been suggested that high
plasma FFA concentrations, by causing
insulin resistance and increasing hepatic
glucose output, may be at least partly re-
sponsible for the high blood glucose lev-
els seen in diabetes (9,10). Thus, break-
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fast meals resulting in prolonged FFA
suppression could result in improved in-
sulin sensitivity and lower blood glucose
later in the day. In support of this there is
evidence that adding psyIlium, a viscous
fiber, to a breakfast test meal, reduces the
glycemic response to the subsequent
lunch in patients with NIDDM (28). It has
also been shown that overall blood glu-
cose control in diabetes can be improved
by a dietary change that involves only the
use of a low rather than a high-GI break-
fast cereal (29). Further work will be re-
quired to determine whether plasma FFA
concentrations in subjects with diabetes
are sensitive to changes in the composi-
tion of breakfast.

We conclude that in nondiabetic
subjects, the type and amount of carbo-
hydrate eaten at breakfast influences the
plasma glucose, insulin, and FFA re-
sponses to breakfast and also affect the
glucose, insulin, and FFA responses to a
subsequent standard lunch. The glycemic
response to a standard lunch was directly
related to the plasma FFA rebound after
breakfast, which we speculate is due to
the effect of FFAs on insulin action.
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