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OBJECTIVE — To examine the mechanisms by which weight loss improves glycemic con-
trol in overweight subjects with NIDDM, particularly the relationships between energy restric-
tion, improvement in insulin sensitivity, and regional and overall adipose tissue loss.

RESEARCH DESIGN AND METHODS — Hyperinsulinemic glucose clamps were per-
formed in 20 subjects (BMI=32.0 £ 0.5 [SEM] kg/m2, age =48.4 £ 2.7 years) with normal glu-
cose tolerance (NGT) (n = 10) or mild NIDDM (n = 10) before and on the 4th (d4) and 28th
(d28) days of a reduced-energy (1,100 + 250 [SD] kcal/day) formula diet. Body composition
changes were assessed by dual energy x-ray absorptiometry and insulin secretory changes were
measured by insulin response to intravenous glucose before and after weight loss.

RESULTS — In both groups, energy restriction (d4) reduced fasting plasma glucose (FPG)
(AFPG: NGT = —0.4 £ 0.2 mmol/l and NIDDM = —1.1 + 0.03 mmol/Il, P = 0.002), which was
independently related to reduced carbohydrate intake (partial r = 0.64, P = 0.003). There was
a marked d4 increase in percent of insulin suppression of hepatic glucose output (HGO) in
both groups (AHGO suppression: NGT =28 + 15% and NIDDM = 32 + 8%, P = 0.002). By d28,
with 6.3 + 0.4 kg weight loss, FPG was further reduced (d4 vs. d28) in NIDDM only (P = 0.05),
and insulin sensitivity increased in both groups (P = 0.02). Only loss of abdominal fat related
to improvements in FPG (r = 0.51, P = 0.03) and insulin sensitivity after weight loss (r = 0.48,
P =0.05). In contrast to insulin action, there were only small changes in insulin secretion.

CONCLUSIONS — Both energy restriction and weight loss have beneficial effects on
insulin action and glycemic control in obesity and mild NIDDM. The effect of energy restric-
tion is related to changes in individual macronutrients, whereas weight loss effects relate to
changes in abdominal fat.

people with NIDDM. Dietary restric-

tion leading to weight loss is crucial in
NIDDM therapy; however, the mechanisms
responsible for the beneficial effects are not
fully understood. In particular, the relative
importance of energy restriction per se, as
opposed to weight loss, is not well defined.

Obesity is present in the majority of

A number of studies have shown
marked improvements in glycemia in
NIDDM, disproportionate to weight loss
and after short periods of energy restriction
(1-3). However, the factors responsible for
the early benefit of energy restriction on
glycemia are not clear, partly because of the
difficulty in isolating effects of energy
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restriction from those of weight loss when
the first measurements are made 7-10 days
into the diet (1-3). One study demon-
strated clear glycemic benefits of energy
restriction (4) with an associated improve-
ment in insulin sensitivity but did not
address hepatic versus peripheral contribu-
tions or the determinants of basal glycemia.

Similarly, there is difficulty in isolating
the effects of weight loss from those of
energy restriction (1,2,5,6). In one study in
which a separation was attempted, there
was evidence of substantial effects on glu-
cose metabolism and insulin sensitivity in
obese NIDDM, but it was not clear how
these improvements were related to
glycemic changes (3). In studies without
clear separation, it is likely that much of the
benefit is due to weight loss. Even so, the
mechanisms linking weight loss to these
improvements are not clear. For example,
previous studies (3,6,7) examining associ-
ations between improvements in glycemia
and reduced basal hepatic glucose output
(HGO) predate significant refinements in
the technique for measuring HGO that
have reduced over- and underestimation of
HGO under basal and hyperinsulinemic
conditions, respectively (8-10).

Evidence supporting a key role of
intra-abdominal fat in the pathogenesis of
insulin resistance (11-13) has led to sug-
gestions that changes in this depot are
important in the beneficial effects of weight
loss. A weak independent association
between reduction in visceral fat area and
improved glucose tolerance in nondiabetic
obese women has been demonstrated (14),
as has an association with changes in
anthropometric measures of central adi-
posity in obese nondiabetic men (15).

In this study, we attempted to separate
the effects of energy restriction from those
of weight loss on glycemia, basal glucose
flux, and insulin secretion and action in
moderately obese subjects with and with-
out NIDDM. Relationships between
changes in glycemia and carbohydrate
metabolism and changes in substrate levels
and oxidation, as well as changes in total
and regional body fat, were assessed. The
results support the conclusions that early
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improvements in glycemia relate only to
changes in macronutrient intakes, whereas
later changes in glycemia and insulin sen-
sitivity relate to changes in abdominal fat.

RESEARCH DESIGN AND
METHODS

Subijects

There were 20 obese subjects (BMI = 31.7 =
0.7 kg/m2), 10 with normal glucose toler-
ance (NGT) and no family history of
NIDDM and 10 with mild NIDDM,
matched for age, sex (M/F: 10/10), and
anthropometry, recruited from the diabetes
clinic of St. Vincents Hospital, Sydney, and
through advertisements in the local press.
NGT subjects had a fasting plasma glucose
(FPG) <5.5 mmol/l (16) or a normal 2-h
oral glucose tolerance test (OGTT). Subjects
with NIDDM were treated with diet alone (n
= 7) or with low doses of oral medication
(metformin n = 1, gliclazide n = 2); none
had clinical evidence of endocrine, cardiac,
hepatic, or renal disease. All subjects con-
sumed <20 g alcohol/day and were only
accepted if a dietitian considered them well-
motivated to lose weight and if they had not
dieted for 6 months. There were technical
difficulties in a small number of studies
such that the data in some cases do not
include all 20 subjects. All subjects gave
written informed consent, and the study
protocol was approved by the Research
Ethics Committee of St. Vincent’s Hospital.

Experimental protocol

The following parameters were assessed at
baseline: usual dietary composition and
energy expenditure; weight, anthropometry,
and body composition (using dual energy x-
ray absorptiometry [DXAY]); determination of
FPG in the NGT group and, if indicated,
OGTT; and insulin secretory response with
an intravenous glucose stimulation test
(IGST). A baseline (day 0 [dO]) hyperinsu-
linemic euglycemic clamp (17) assessed
insulin sensitivity and glucose turnover. A
second clamp was performed on day 4 (d4)
of the diet to examine effects of energy
restriction before substantial weight loss. A
third clamp and second DXA scan and
anthropometry were undertaken toward the
end of the diet period (day 28 [d28]) after
weight loss, with a repeat IGST not less than
72 h later. NIDDM subjects monitored blood
glucose (BG) (fasting and 2-h postprandial)
during the diet, and participants taking oral
hypoglycemics discontinued therapy at least
1 week before the study.

Diet

Each subjects diet was assessed by the die-
titian using 4-day food records, as described
previously (18). Subjects were requested
not to alter their level of physical activity
throughout and were supplied with a for-
mula diet (Nutri-Metics, Sydney, Australia),
customized on the basis of body size, age,
and energy intake to reduce each person’s
intake by ~1,000 kcal/day (18). This pro-
duced awide variation between individuals
in both absolute and proportional changes
in macronutrients. Subjects completed daily
food records and were weighed and for-
mally reviewed by the dietitian weekly.

Anthropometric measurements

The following measurements were made,
with the subject fasting, by one observer
(T.PM.): weight, height, triplicate measures
of skinfold thicknesses, and waist (narrow-
est diameter between the xiphoid process
of the sternum and the iliac crest) and hip
(widest diameter over the greater
trochanters) circumferences to derive waist-
to-hip ratio (WHR). BMI was calculated as
weight (kilograms) divided by height
(meters) squared. Total body fat (%) was
estimated from skinfold thickness (19).

Body composition

DXA (Lunar DPX; Lunar, Madison, WI)
was used to measure fat mass, lean tissue
(including muscle and fluid), and bone
mineral content for the total body and three
standard regions: trunk (chest, abdomen,
and pelvis), arms, and legs (20). Abdominal
fat was estimated: 1) from the lumbar spine
DXA measurement using a standard win-
dow extending for 4 cm on either side of the
L1 to L5 vertebrae, using version 1.3Y DPX-
L software (21), giving a fat concentration
(%) and 2) from the total body DXA scan
using a manually determined window as
described previously (13), giving percent
and absolute fat mass. This area contains a
relatively high intra-abdominal fat content
(22) and correlates strongly with insulin
sensitivity (13). Results were similar
whether abdominal fat changes were ana-
lyzed as changes in concentration or
absolute mass, so only data on changes in
fat concentration are presented.

IGST

Studies commenced between 8:00 and 9:00
A.M. after a 12-h fast. A constant infusion of
50% dextrose, at a dose of 0.3 g/kg body wt
(maximum 25 g), was administered over 2
min into a large antecubital vein via an 18-

gauge cannula. Arterialized venous blood
samples were obtained via a retrograde can-
nula inserted into a superficial hand vein on
the contralateral arm maintained at ~50°C
with a thermostatically controlled heating
pad (23). Baseline blood samples were
taken 10 min after insertion of the cannulae.
The subject then rested for 15 min before
commencement of the dextrose infusion (t
=0). Samples were takenatt=0, 1, 2, 3, 4,
5, 6, 8, and 10 min for plasma glucose (PG)
and insulin measurements.

Glucose turnover studies

Clamp studies were started at 8:00 A.Mm.,
after a 12-h fast. An antecubital venous
catheter was inserted for the infusion of 2-
3H- and 6-3H-glucose (Amersham, Buck-
inghamshire, U.K.), neutral insulin
(Actrapid; Novo Nordisk, Bagsvaerd, Den-
mark) in hemaccel (Polygeline 35 gil;
Hoechst, Behringwerke, Germany), and
10% (wt/ivol) dextrose. Dual tracers were
used to assess effects of the diet on glucose
cycling, but because both groups behaved
similarly and there were no significant
changes during the study, the data will be
reported elsewhere. Arterialized blood sam-
pling was performed as above.

Glucose turnover was assessed with
adjusted priming under basal conditions (t
= 0-150 min) (9) and during a hyperinsu-
linemic (insulin infused at 0.025 U - kg1
- h=1 producing levels ~250 pmol/l)
euglycemic clamp (t = 150-270 min) using
labeled glucose infusates (10). NGT sub-
jects were clamped at a BG level of 5
mmol/l, and NIDDM subjects were
clamped at the BG level attained after 150
min in the first study and at the same BG
level in the subsequent studies.

Indirect calorimetry

Indirect calorimetry (Deltatrac; Datex,
Helsinki, Finland) was performed from 30
to 60 and from 240 to 270 min to deter-
mine glucose and lipid oxidation basally
and during hyperinsulinemia (24). Energy
expenditure (kilocalories/24 h), substrate
oxidation rates (grams/minute) and non-
protein respiratory quotient were calcu-
lated as previously described (25). Results
have been corrected for fat-free mass (FFM)
determined by DXA.

Analytical measurements

PG was measured by the glucose oxidase
method (YSI 23AM Glucose Analyzer; YSI,
Yellow Springs, OH). Serum insulin and C-
peptide were assayed by radioimmunoassay
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Table 1—Clinical characteristics of subjects

NGT subjects NIDDM subjects
n 10 10
Age (years) 48.4+£3.3 483+t4.4
BMI (kg/m?2) 31.7+07 323038
Waist circumference (cm) 98.5+35 99.4+2.7
WHR 0.89+0.02 0.87 £ 0.02
Skinfold (% fat) 35+3 36+2
Percent total fat (DXA) 38+3 40+3
Percent abdominal fat (DXA) 43+2 44+ 1
Fructosamine (umol/l) 206 +4 260 + 18*

Data are means + SEM. *Significantly different from NGT group (P < 0.01).

(26). Nonesterified fatty acid (NEFA) levels
were measured by enzymatic colorimetry
(NEFAC, Wako, Osaka, Japan). Fruc-
tosamine was measured as previously
described (25). Plasma samples for 3H-glu-
cose determination were deproteinized with
ZnSO4 and Ba(OH)2. 2-3H- and 6-3H-glu-
cose radioactivity were determined sepa-
rately by the modified (27) selective
enzymatic detritiation method (28).

Calculations and statistics
Insulin secretory data are presented as areas
under the curve (AUCs) calculated as the
incremental area from baseline using the
trapezoidal method. Glucose turnover rates
(glucose appearance [R,] and glucose dis-
appearance [Rq]) were calculated using
Steele’s non—steady state equations (29) sep-
arately for 2-3H- and 6-3H-glucose after
smoothing of the plasma 3H-glucose time
course data using the optimal segments
(OPSEG) algorithm (30). Glucose turnover
data are based on estimates determined
using 6-3H-glucose. Nonoxidative glucose
disposal (NOGD) was calculated as the dif-
ference between total glucose disposal (from
Ry of 6-3H-glucose) and the rate of glucose
oxidation (determined by indirect calorime-
try). All measurements of insulin sensitivity
and turnover data are corrected for FFM.
Statistical analyses were performed
using general purpose software (Statview;
Abacus Concepts, Berkeley, CA). Two com-
parisons, prediet versus d4 and d4 versus
d28 (completion), were performed by t
test. Possible differences between NGT and
NIDDM groups were investigated by analy-
sis of variance of variable differences (d4 to
prediet, d28 to d4) against group. In most
cases, no group effects were found, and
data for the two groups (NGT and
NIDDM) were combined for analysis.

Where a significant group effect was found,
data were analyzed separately. Relation-
ships between continuous variables were
assessed using simple and multiple corre-
lation. Unless stated otherwise, results are
expressed as means + SEM.

RESULTS

Clinical characteristics

The clinical characteristics of the subjects
are presented in Table 1. The groups were
matched for age, BMI, waist circumference,
WHR, and total and regional body fat.

Dietary compositional changes

Both groups had a similar dietary compo-
sition. There was a significant absolute
reduction in intake of all macronutrients,
with a ~50% reduction in energy intake
(prediet versus during diet: 2,300 + 170 vs.
1,100 £ 60 kcal, P = 0.0001). The propor-
tion of energy from carbohydrates did not
alter with dieting (prediet versus during
diet: 38.4 + 1.8 vs. 38.3 £ 0.7% total energy
intake), but that from protein increased
(19.2 £ 0.7 vs. 32.6 + 0.8%). Total fat
(prediet versus during diet: 35.7 + 1.2 vs.
28.8 = 0.8%), alcohol (6.8 +2.1vs. 1.3
0.8%), and fiber decreased (26 £ 2vs. 9 +
1 g). There were changes in the fatty acid
profile (prediet versus during diet: polyun-
saturated fats = 5.9 £ 0.4 vs. 10.1 + 0.5%,
monounsaturated fats=13.8 £ 0.6 vs. 11.9
* 0.4%, and saturated fats = 16.1 + 0.6 vs.
6.0 + 0.4%).

Anthropometric changes

There was a 1.7 £ 2.2 kg weight loss at d4
that largely represents fluid loss secondary to
glycogen depletion and some protein loss
(31). By the end of the diet, mean weight
loss (groups behaved similarly) was 6.3 +
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0.4 kg, as predicted by energy intake (32).
There were significant falls in BMI (prediet =
32.0+£ 0.5 kg/m2vs. d28 =29.9+0.5 kg/m?,
P =0.0001), waist circumference (prediet =
98.9+22cmvs. d28=935+2.0cm,P =
0.0001), WHR (prediet = 0.88 + 0.02 vs.
d28=0.86 +0.02, P=0.0007), and percent
body fat based on skinfold thickness (prediet
=353+ 15vs d28 = 33.7 + 1.6%, P =
0.0001). Both groups lost similar amounts of
fat from each regional depot and comparable
amounts of total fat (2,640 + 350 g). While
mean abdominal fat loss was only 330 + 60
g, this constituted the largest proportional
loss from any depot (decrease of 12.1 +2.2
vs. 7.8 £ 2.2% total fat). Anthropometric
predictors of weight loss were prediet total
weight (r =0.67, P =0.02), baseline abdom-
inal fat (r=0.60, P =0.007), WHR (r=0.65,
P = 0.003), and waist circumference (r =
0.79, P =0.0001). The only anthropometric
predictor of abdominal fat loss was WHR (r
=0.66, P =0.003).

Metabolic control and glucose
responses

The home BG readings of the NIDDM
group (8 subjects) showed a tendency for
fasting levels to fall early with a significant
fall by d28 (prediet = 7.9 + 1.2 mmol/l, d4
= 6.5+ 0.5 mmol/l, and d28 = 5.4 £ 0.2
mmol/l; prediet vs. d4: P = 0.10 and d4 vs.
d28: P = 0.02). However, postprandial BG
fell early with no further reduction (prediet
=95+ 1.1 mmol/l, d4 =6.5+ 0.6 mmol/l,
and d28 =5.9 + 0.2 mmol/l; prediet vs. d4:
P =0.004 and d4 vs. d28: P = 0.25).

This improvement in the NIDDM
group was confirmed by the significant
reductions in formal FPG levels by d4 and
between d4 and d28 (Table 2) and fruc-
tosamine at d28 (prediet = 260 + 18 pmol/l
vs. d28 = 221 + 11 pmol/l, P = 0.006). In
contrast, there was a small significant early
fall in FPG in the NGT group, followed by
alate increase at d28 (group effect P = 0.01).
Notably, there was no relationship between
the magnitudes of the early (prediet to d4)
and the late (d4 to d28) glycemic changes (r
=0.11, P = 0.65), suggesting that different
mechanisms are responsible.

Insulin secretory changes

As expected, the baseline incremental early
phase (AUC t = 0-10 min) insulin response
to intravenous glucose was markedly lower
in NIDDM subjects compared with NGT
subjects (P = 0.03). Weight loss resulted in
dichotomous effects: in NGT subjects, the
insulin response was significantly reduced
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Table 2—Glucose turnover data

Significance of effect*

Group Prediet d4 d28 Early Late
Basal data
PG (mmol/l) NGT 5001 46+0.2 51+0.2 0.002 0.07
NIDDM 73107 6.2+05 53104 0.05
Insulin (pmol/1) NGT 49+4 29+6 305 0.0001 0.43
NIDDM 827 52+8 43+6
Basal MCR NGT 36104 27+0.3 3.2+0.2 0.050 0.037
(ml - kg=1 FFM - min-1) NIDDM 2.1+0.2 2003 24+0.2 0.37
Basal HGO NGT 176+19 122+14 158+14 0.0002 0.04
(umol - kg=! FFM - min—1) NIDDM 140+1.1 11.3+1.3 12.7+1.3
Clamp data
PG (mmol/1) NGT 51+01 49+0.1 49+0.1 0.48 0.69
NIDDM 53+£04 54+04 56+04
Insulin (pmol/l) NGT 209 + 14 169+ 13 175+ 16 0.0003 0.47
NIDDM 242+ 14 194 +11 197 +11
Clamp HGO NGT 7211 28138 22+13 0.002 0.87
(umol - kg~ FFM - min—1) NIDDM 38+21 06138 0716
Ry NGT 28.3+3 20928 239238 0.001 0.004
(umol - kg~ FFM - min-1)  NIDDM 18.9+2.0 158+1.8 19.6+1.9
NOGD NGT 13.7+24 12.3+2.38 12.1+24 0.47 0.49
(umol - kg= FFM - min-1) NIDDM 51+17 85+1.4 10616
M NGT 19.8+3.1 18.2+28 21537 0.76 0.02
(umol - kg=t FFM - min~1) NIDDM 144+1.8 15.2+23 18.7+22

Data are means = SEM. For glucose and insulin data: NGT, n= 10; NIDDM, n= 9. For turnover data: NGT, n=8; NIDDM, n= 9. *Where there is a significant group
effect, each group is analyzed separately; where there is no group effect, data are combined, and groups are analyzed together: early, prediet vs. d4; late, d4 vs. d28.

(prediet = 2,580 + 546 pmol - I-1 - min—1
vs. postdiet = 1,710 £ 246 pmol - -1 -
min—1, P = 0.04, group effect P = 0.02),
whereas in NIDDM, there was no signifi-
cant change (prediet = 996 + 504 pmol -
I=1 - min-1 vs. postdiet = 1,068 + 444
pmol - 171 - min—%, P = 0.53). These data
are consistent with the basal and clamp C-
peptide levels. In NGT subjects, fasting C-
peptide fell from 1.8 £ 0.1 pg/l to 1.3 £0.2
and 1.4 £ 0.3 pg/l at d4 and d28, respec-
tively (P = 0.03 for prediet vs. d4), while in
NIDDM, there was no significant change in
either period (2.4 +0.2,2.1£0.3,and 1.6
+0.2 pg/l for prediet, d4, and d28, respec-
tively, P = 0.06 for d4 vs. d28). Similar
changes were seen in clamp C-peptide lev-
els (data not shown).

NEFA and thermogenic responses

Energy restriction resulted in a significant
early increase in basal NEFA and fat oxida-
tion (Table 3). Conversely, basal carbohy-
drate oxidation was significantly reduced.
During hyperinsulinemia, fat oxidation was
less suppressed after 3 days, with a return
toward prediet levels by d28 and a con-
verse change in carbohydrate oxidation.
There was no significant change in insulin-

stimulated carbohydrate oxidation (clamp-
basal) over the three studies, nor were there
any significant changes in resting or clamp
energy expenditure (data not shown). The
increase in basal NEFA levels at d4 was
related to the reduction in both energy and
fat intake (both corrected for FFM) at this
time (r = —0.50, P=0.03 and r = —0.46,
P =0.05, respectively).

Glucose turnover and insulin
sensitivity changes

Prediet basal R, was similar in both groups,
as was insulin suppression of HGO (Table
2) (NGT versus NIDDM, P=0.11and P =
0.19, respectively). However, as expected,
total insulin-stimulated Ry and NOGD
were significantly lower in the NIDDM
group (NGT versus NIDDM, P =0.02 and
P =0.009, respectively) (Table 2).

By d4, there was a significant reduction
in basal HGO in both groups (Table 2) and
a significant enhancement of insulin sup-
pressibility of HGO at d4 (P = 0.002), with
no further change between d4 and d28. In
both groups, there was an early fall in
insulin-stimulated Ry, which increased
toward prediet levels by d28 (Table 2).
These changes in Ry largely reflect the effects

of the diet on glucose oxidation, which also
fell at d4 and increased toward baseline lev-
els at d28 (Table 3). Although there is a sug-
gestion of an increase in NOGD in the
NIDDM group, neither a group effect nor a
significant change in NOGD was detected
over the study period (Table 2). Before diet
treatment, the glucose infusion rate (M),
corrected for FFM, tended to be lower in the
NIDDM group (NGT versus NIDDM, P =
0.09). The groups behaved similarly with
energy restriction: there was no change in M
at d4, but there was a significant increase at
d28, largely due to increased glucose oxida-
tion (Table 2).

Caloric restriction significantly reduced
fasting insulin in both groups, apparent
after only 3 days of dieting (Table 2). There
was also a significant early fall in clamp
insulin levels in both groups. Thus, the
changes in glucose disposal data at lower
circulating insulin levels at this time strongly
suggest an early improvement in NOGD
and an increase in Ry at d28, particularly in
NIDDM. Consistent with this notion, when
the NIDDM data (Table 2) were examined
in isolation, there was asignificant improve-
ment in NOGD at d28 (P = 0.05 vs.
prediet), most of which had occurred at d4.
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Table 3—Thermogenic data
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Significance of effect*

Group Prediet d4 d28 Early Late
Basal data
Carbohydrate oxidation NGT 1.40+0.19 0.32£0.09 0.53+0.18 0.0001 0.12
(mg - min—1 - kg~ FFM) NIDDM 1.33+0.22 0.37+0.21 0.74+0.24
Fat oxidation NGT 1.18+0.12 1.52+0.09 1.46 +0.08 0.0001 0.07
(mg - min—1 - kg~ FFM) NIDDM 1.17+0.11 1.48 +0.08 1.29+0.13
NEFA (mmol/l) NGT 0.62 £ 0.09 0.98 £ 0.06 0.84 + 0.05 0.0002 0.03
NIDDM 0.63 £ 0.06 0.85+0.05 0.75+0.08
Clamp data
Carbohydrate oxidation NGT 246 +0.27 1.32+0.29 1.94+0.29 0.0001 0.01
(mg - min—1 - kg~ FFM) NIDDM 2.49+0.22 1.31+0.20 1.62+0.18
Fat oxidation NGT 0.68 + 0.09 1.11+0.08 0.87 +0.08 0.0001 0.01
(mg - min—1 - kg~ FFM) NIDDM 0.62 £0.07 1.03+0.10 0.86 £0.10
NEFA (mmol/1) NGT 0.15+0.03 0.27 £ 0.04 0.14+0.03 0.0006 0.001
NIDDM 0.16 + 0.03 0.24 +£0.02 0.17 £ 0.03

Data are means + SEM. NGT, n=10; NIDDM, n= 9. *Because there are no group effects for this data, P values refer to a combined analysis of data from both groups:

early, prediet vs. d4; late, d4 vs. d28.

PG, insulin action, diet, and body
composition

When changes in FPG were analyzed in rela-
tion to changes in diet, glucose turnover, and
body composition, different variables related
to the early and late changes in FPG. In sim-
ple correlations, the early fall in FPG (prediet
to d4) was associated with reduced carbo-
hydrate intake (corrected for each subjects
FFM) at this time in both NGT and NIDDM
subjects (r = 0.49, P = 0.03), without any
relationship to changes in total energy, fat, or
protein intakes (r = 0.05t0 0.18, P =0.3to

Table 4—Correlation of early and late PG and insulin sensitivity changes with changes in

macronutrient intake and regional fat loss

0.8). In a partial correlation with the three
macronutrients, reduction in carbohydrate
was independently associated with the early
fall in FPG (partial r = 0.64, P = 0.003), while
reduction in fat was associated with an
increase in FPG (partial r = —0.54, P=0.02),
but again, there was no association with pro-
tein (Table 4). Changes in energy and
macronutrient intake did not relate to the
late changes (d4 to d28) in PG levels. How-
ever, at this time, when there were significant
changes in body composition (prediet versus
postdiet [d28]), loss of abdominal fat

A FPG A Glucose infusion rate
Prediet to d4 d4 to d28 d4 to d28
Correlation with A macronutrient
intake (partial r)
Protein 0.36 — —
Fat —0.54* — —
Carbohydrate 0.6471 — —
Correlation with A fat loss (%)
from regional depots (r)
Total — 0.15 0.23
Arm — 0.17 0.01
Leg — 0.15 0.18
Trunk — 0.18 0.24
Abdominal
Abdominal window — 0.51* 0.43
Lumbar spine — 0.38 0.48*

NGT, n=10; NIDDM, n=9. *P < 0.05; tP < 0.005.

(abdominal window) was the only fat loss
that correlated with the late fall in FPG (r =
0.51, P=0.025) (Table 4) (Fig. 1).

Since the groups appear to be behaving
differently with respect to the late changes in
PG (group effect P = 0.02; PG increasing in
NGT subjects and falling in NIDDM), sepa-
rate correlations were performed (NIDDM r
=0.85, P =0.004 and NGT r = 0.50, P =
0.14). These correlations suggest that most
of the relationship between change in PG
and abdominal fat loss is due to the behav-
ior of the NIDDM group (Fig. 1).
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Figure 1—Relationship between late change in

FPG (d4 to d28) and change in percent abdomi -

nal fat content (prediet to d28) (simplegres-
sion:r = 0.51, P = 0.025; when groups are
analyzed separately: NIDDMr = 0.85,P =
0.004 and NGTr = 0.50,P = 0.14).O, NGT, @,
NIDDM.
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Abdominal fat loss was also the only fat
depot loss that related to the late change in
M (r = 0.48, P = 0.046): a fall in abdominal
fat (lumbar spine window) was associated
with an increase in M across both subject
groups (the association with abdominal fat
changes measured using the modified
abdominal window was close to signifi-
cance, r =0.43, P = 0.06) (Table 4).

CONCLUSIONS — Energy restriction
resulting in weight loss improves various
metabolic parameters in obesity (33,34),
particularly when glucose tolerance is
abnormal (35,36). There has been contro-
versy regarding the relative effect of energy
restriction compared with weight loss,
with some studies suggesting a dominant
role for reduced energy intake (1-4) and
others for weight loss per se (5,37,38).
Only one study included subjects with and
without NIDDM (37). Our study demon-
strates major early changes with energy
restriction in obese normal and NIDDM
subjects. By d4 of dieting, there was a
significant reduction in basal R, and a
marked increase in insulin suppressibility
of HGO in both groups (Table 2). This was
accompanied by a significant fall in home-
measured postprandial BG readings in
NIDDM. An early fall in laboratory-meas-
ured FPG occurred on d4, related to con-
current changes in macronutrient intake.
By d28, with substantial weight loss,
insulin sensitivity increased in all subjects
but more markedly in the NIDDM sub-
jects. The additional improvements in PG
and insulin sensitivity at d28 correlated
with a loss of abdominal fat.

Energy restriction and weight loss thus
appear to have independent effects on
glycemic control. Reduced carbohydrate
intake was strongly related to the early fall
(d4) in glycemia in both groups, with
reduction of fat intake independently hav-
ing the reverse association. These associa-
tions are consistent with reports in NIDDM
of adverse glycemic effects of high carbo-
hydrate diets and beneficial effects of mod-
erate fat diets (39-41). In obesity with and
without NIDDM, dietary carbohydrate
content influences fasting glycemia
(2,42,43). Reduced carbohydrate intake
may exert these effects simply by reducing
daily glycemic excursion with lower subse-
quent fasting glucose levels (44). An inde-
pendent effect of dietary fat on glycemia,
which would not be detected in traditional
caloric substitution studies, has also been
shown. The mechanisms underlying this

are not clear but could include dietary fat
slowing carbohydrate absorption (45).

The early (d4), marked improvement
in glycemia was associated with changes in
basal and insulin-stimulated glucose flux.
Basally, there was a decreased HGO, coun-
teracted to a variable extent by decreases in
basal metabolic clearance rate (MCR). At
d4, insulin suppressibility of HGO was
markedly improved, with no further bene-
fit from weight loss in both groups. A pos-
sible explanation for the prompt reductions
in basal and insulin-suppressed HGO may
be the expected fall in hepatic glycogen
with reduced carbohydrate intake. Under
conditions of negative energy balance,
non-insulin-mediated glucose use could
exceed the amount of ingested carbohy-
drate, thereby constricting the glucose pool
(46). The early reduction in MCR may be
due to competition between glucose and
mobilized fatty acids for peripheral metab-
olism (47). Although changes in MCR did
not correlate with changes in lipid related
variables, there were clear reciprocal
changes in fat and carbohydrate oxidation
at this time.

By d28 and with significant weight loss,
the groups behaved differently, with FPG
decreasing further in the NIDDM subjects
and increasing toward prediet levels in con-
trol subjects. However, overall, there was
improved insulin sensitivity in both, due to
a combination of improved hepatic and
peripheral insulin sensitivity. As for d4, the
late glycemic changes comprised opposing
changes in basal HGO and MCR. However,
the improvement in glycemia in the NIDDM
group at this time relates largely to an
increased MCR. Concordant with this inter-
pretation, the major change in insulin sensi-
tivity in this period was Ry, particularly
carbohydrate oxidation. Although R4 has
not apparently improved compared with
prediet, the clamp insulin levels were con-
siderably lower during the diet, consistent
with improved insulin clearance with energy
restriction (48,49). It is therefore reasonable
to conclude there has been an enhancement
in peripheral insulin action with weight loss.
However, no significant improvement in
NOGD was demonstrated, perhaps because
clamp insulin levels were lower than
required for optimal measurement of insulin
action on glycogen synthesis. Similar studies
with higher clamp insulin levels have shown
improvements in NOGD with weight loss
(6,7,38) in NIDDM.

A reduction in the abdominal fat depot
was associated with both the late increase in

insulin sensitivity and fall in FPG. Notably;
only changes in abdominal fat correlated
with improved glucose metabolism.
Abdominal adipocytes appear to have
unique properties, including increased sen-
sitivity to catecholamine-induced lipolysis
(50) and higher lipid turnover (51). Subjects
with upper-body obesity appear most able to
lose fat from this depot (14,52). Confirming
this, our strongest predictors of both total
and abdominal fat loss were the abdominal
fat depot, WHR, and waist circumference.
However, this is the first demonstration that
improved glucose metabolism with diet-
induced weight loss relates specifically to
abdominal fat loss. This result adds signifi-
cance to the well-described association
between insulin resistance and central adi-
posity in cross-sectional studies (11-13).

There was a substantial effect of energy
restriction in improving metabolic control
in association with a significant increase in
lipid oxidation and circulating NEFA and a
reduction in oxidative glucose disposal.
Diet-induced increases in lipid oxidation
are well described with energy restriction
(53) and weight loss (54,55). Consistent
with the glucose—fatty acid cycle (47), the
reduced Ry was accounted for by reduced
carbohydrate oxidation. The improved
hepatic insulin action in the face of elevated
circulating NEFA levels was unexpected. It
is possible that, because of hepatic glycogen
depletion secondary to energy restriction,
increased gluconeogenesis from elevated
NEFAs (56) would have increased glycogen
synthesis rather than HGO.

NIDDM subjects had basal and clamp
HGO levelssimilar to those of NGT subjects,
consistent with evidence that basal HGO is
not elevated in mild NIDDM (9,57,58). Fac-
tors that may account for the similar clamp
HGO include the mildness of the NIDDM
(58), the slightly longer exposure to insulin
during the clamps in NIDDM subjects
(clamp length NGT versus NIDDM: 130 £ 3
vs. 143 £ 5min, P =0.03), and their slightly
higher clamp PG levels (Table 2). This study
was specifically designed to assess hepatic
insulin action by the use of relatively low
physiologic insulin levels. In most studies
where HGO has been measured under
hyperinsulinemia (6,7,38), results have not
been meaningful because of complete sup-
pression of HGO by hyperinsulinemia
(>540 pmol/l). In the only study (5) with a
lower insulin level (60 pmol/l), basal and
clamp HGO tended to fall with weight loss.

Changes in insulin secretion with the
diet were small and unlikely to explain the
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metabolic improvements. As previously
reported (37,49,59), the NIDDM and NGT
groups behaved differently, with the NGT
group displaying reduced insulin secretion
to intravenous glucose after modest weight
loss and the NIDDM group showing no
change. As discussed in Polonksy et al.
(49), the apparent divergent effect of diet in
NGT and NIDDM subjects is due to the
relative importance of decreasing insulin
sensitivity with related hyperinsulinism (as
in NGT) versus that with related insulin
deficiency (as in NIDDM).

In conclusion, both energy restriction
and weight loss have important beneficial
effects on insulin action and glycemic con-
trol in obesity and mild NIDDM. The initial
effect of energy restriction is related to
changes in individual macronutrients,
whereas the effect of weight loss appears to
relate particularly to changes in abdominal
fat depots. The presence of mild NIDDM
does not affect the overall response to energy
restriction; however, eventual improvement
with weight loss is more marked in this
group starting with greater metabolic
derangement. The importance of carbohy-
drate reduction in early glycemic improve-
ment suggests that it is responsible for the
early improvement in energy restriction in
diabetic patients. However, weight loss
resulting from caloric restriction produces
additional glycemic improvement. There-
fore, the immediate benefits of a major low-
ering of carbohydrate intake on glycemia in
NIDDM must be balanced against its prob-
able effect on reducing leptin and thereby
increasing appetite (18). This dietary
dilemma s not an issue in people with NGT,
where the established benefits of a low-fat
high carbohydrate (60) diet are not coun-
teracted by adverse glycemic change.

Acknowledgments— This was work was
supported by a block grant and scholarship
(T.PM.) from the National Health and Medical
Research Council of Australia.

We gratefully acknowledge the assistance of
M. Kinloch, L. Crampton, V. Theos, S. Camilleri,
and K. Li for clinical and laboratory support and
A. Fleury for dietetic advice and supervision. We
thank Nutri-Metics for kindly supplying the
formula diet.

References
1. Hughes TA, Gwynne JT, Switzer BR, Herbst
C, White G: Effects of caloric restriction
and weight loss on glycemic control,
insulin release and resistance, and athero-

10.

11.

12.

13.

sclerotic risk in obese patients with type I
diabetes mellitus. JAMA77:7-17, 1984

. Henry RR, Scheaffer L, Olefsky JM:

Glycemic effects of intensive caloric restric-
tion and isocaloric refeeding in noninsulin-
dependent diabetes mellitus. J Clin
Endocrinol Metal61:917-925, 1985

. Kelley DE, Wing R, Buonocore C, Sturis J,

Polonsky K, Fitzsimmons M: Relative
effects of calorie restriction and weight loss
in noninsulin-dependent diabetes mellitus.
J Clin Endocrinol Metab/7:1287-1293,
1993

. Wing RR, Blair EH, Bononi P, Marcus MD,

Watanabe R, Bergman RN: Caloric restric-
tion per se is a significant factor in improve-
ments in glycemic control and insulin
sensitivity during weight loss in obese
NIDDM patients. Diabetes Care17:30-36,
1994

. Zawadzki JK, Bogardus C, Foley JE: Insulin

action in obese non-insulin-dependent dia-
betics and in their isolated adipocytes
before and after weight loss. Diabetes
36:227-236, 1987

. Laakso M, Uusitupa M, Takala J, Majander

H, Reijonen T, Penttila I: Effects of
hypocaloric diet and insulin therapy on
metabolic control and mechanisms of hyper-
glycemia in obese non-insulin-dependent
diabetic patients. Metabolisn87:1092-1100,
1988

. Henry RR, Wallace P, Olefsky JM: Effects of

weight loss on mechanisms of hypergly-
cemia in obese non-insulin-dependent dia-
betes mellitus. Diabetes35:990-998, 1986

. Finegood DT, Bergman RN, Vranic M: Esti-

mation of endogenous glucose production
during hyperinsulinemic-euglycemic glu-
cose clamps: comparison of unlabeled and
labeled exogenous glucose infusates. Dia -
betes36:914-924, 1987

. Hother-Nielsen O, Beck-Nielsen H: On the

determination of basal glucose production
rate in patients with type 2 (non-insulin-
dependent) diabetes mellitus using
primed-continuous 3—3H-glucose infusion.
Diabetologi®3:603-610, 1990
Hother-Nielsen O, Mengel A, Moller B,
Rasmussen O, Schmitz O, Beck-Nielsen H:
Assessment of glucose turnover rates in
euglycaemic clamp studies using primed-
constant (3-3H)glucose infusion and
labelled or unlabelled glucose infusates.
Diabet Med9:840-849, 1992

Kissebah AH, Vydelingum N, Murray R,
Evans DJ, Hartz AJ, Kalkhoff RK, Adams
PW: Relation of body fat distribution to
metabolic complications of obesity. J Clin
Endocrinol Metatb4:254-260, 1982
Bjorntorp P: Abdominal obesity and the
development of non-insulin-dependent
diabetese mellitus. Diabetes Metab Rev
4:615-662, 1988

Carey DG, Jenkins AB, Campbell LV, Freund
J, Chisholm DJ: Abdominal fat and insulin

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Markovic and Associates

resistance in normal and overweight
women: direct measurements reveal a strong
relationship in subjects at both low and high
risk of NIDDM. Diabetes45:633-638, 1996
Fujioka S, Matsuzawa Y, Tokunaga K,
Kawamoto T, Kobatake T, Keno Y, Kotani
K, Yoshida S, Tarui S: Improvement of glu-
cose and lipid metabolism associated with
selective reduction of intra-abdominal fat in
premenopausal women with visceral fat
obesity. Int J Obesityl5:853-859, 1991
Sonnichsen AC, Richter WO, Schwandt P:
Benefit from hypocaloric diet in obese men
depends on the extent of weight-loss
regarding cholesterol, and on a simultane-
ous change in body fat distribution regard-
ing insulin sensitivity and glucose
tolerance. Metabolism#1:1035-1039, 1992
World Health Organization: Diabetes Melli
tus: Report of a WHO Study Gup.Geneva,
World Health Org., 1985 (Tech. Rep. Ser.
no. 727)

Andres R, Swerdloff R, Pozefsky T, Cole-
man D: Manual feedback technique for the
control of blood glucose concentration. In
Automation in Analytical Chemistrgkeggs
LT, Ed. New York, Mediad, 1966, p.
486491

Jenkins AB, Markovic TP, Fleury A, Camp-
bell LV: Carbohydrate intake and short-
term regulation of leptin in humans.
Diabetologi#0:348-351, 1997

Durnin J, Womersley J: Body fat assessed
from total body density and its estimation
from skinfold thickness: measurements of
481 men and women aged from 16 to 72
years. Br J Nutr32:77-79, 1974

Mazess RB, Barden HS, Bisek JP, Hanson J:
Dual energy x-ray absorptiometry for total-
body and regional bone-mineral and soft-
tissue composition. Am J Clin Nutr
51:1106-1112, 1990

Lunar Corp: DPX-L SW 1.3Y Technical Man -
ual: Documentation &fsion Madison, WI,
Lunar, 1992

Ross R, Shaw KD, Martel Y, de Guise J,
Avruch L: Adipose tissue distribution meas-
ured by magnetic resonance imaging in
obese women. Am J Clin Nut57:470-475,
1993

McGuire EAM, Helderman JH, Tobin D,
Andres R, Berman M: Effects of arterial ver-
sus venous samples: an analysis of glucose
kinetics in man. J Appl Physiolt1:565-574,
1976

O'Sullivan AJ, Kelly JJ, Hoffman DM,
Freund J, Ho KKY: Body composition and
energy expenditure in acromegaly. J Clin
Endocrinol Metaly8:381-386, 1994
Markovic TP, Furler SM, Jenkins AB,
Campbell LV, Kraegen EW, Chisholm DJ:
Importance of early insulin levels on pran-
dial glycaemic responses and thermogene-
sis in non-insulin-dependent diabetes
mellitus. Diabet Med12:523-530, 1995
Jenkins AB, Chisholm DJ, James DE, Ho

DiaBETES CARE, VOLUME 21, NUMBER 5, May 1998

693



|
Diet restriction versus weight loss in NIDDM

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

KY, Kraegen EW: Exercise-induced hepatic
glucose output is precisely sensitive to the
rate of systemic glucose supply. Metabolism
34:431-436, 1985

Rooney DP, Neely RDG, Ennis CN, Bell NP,
Sheridan B, Atkinson AB, Trimble ER, Bell
PM: Insulin action and hepatic glucose
cycling in essential hypertension. Metabo-
lism41:317-324, 1992

Issekutz B: Studies on hepatic glucose cycles
in normal and methylprednisolone-treated
dogs. Metabolisn26:157-170, 1977

Steele R: Influences of glucose loading and
of injected insulin on hepatic glucose out-
put. NY Acad Sci Anr82:420-430, 1959
Finegood DT, Bergman RN: Optimal seg-
ments: a method for smoothing tracer data
to calculate metabolic fluxes. Am J Physiol
244:EAT72-EA79, 1983

Bray GA, Gray DS: Treatment of obesity: an
overview. Diabetes Metab Rev4:653-679,
1988

Stanko RT, Tieize DL, Arch JE: Body com-
position, nitrogen metabolism and energy
utilization with feeding of mildly restricted
(4.2MJ/d) and severely restricted (2.1MJ/d)
isonitrogenous diets. Am J Clin Nut56:636—
640, 1992

Olefsky J, Reaven GM, Farquar JW: Effects
of weight reduction on obesity: studies of
lipid and carbohydrate metabolism in nor-
mal and hyperlipoproteinemic subjects. J
Clin Invest53:64-76, 1974

Hale PJ, Singh BM, Baddely RM, Nattrass
M: Following weight loss in massively
obese patients correction of the insulin
resistance of fat metabolism is delayed rel-
ative to the improvement in carbohydrate
metabolism. Metabolisn37:411-417, 1988
Reaven GM: Beneficial effect of moderate
weight loss in older patients with non-
insulin-dependent diabetes mellitus poorly
controlled with insulin. Am J Geriatr Soc
33:93-95, 1985

Wing RR, Koeske R, Epstein LH, Nowalk
MP, Gooding W, Becker D: Long-term
effects of modest weight loss in type 11 dia-
betic patients. Arch Intern Medl47:1749-
1753, 1987

Golay A, Felber JP Dusmet M, Gomez F
Curchod B, Jequier E: Effect of weight loss
on glucose disposal in obese and obese dia-
betic patients. IntJ Obe$9:181-190, 1985
Bak JF Maller N, Schmitz O, Saaek A, Ped-
ersen O: In vivo insulin action and muscle
glycogen synthase activity in type 2 (non-

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

insulin-dependent) diabetes mellitus:
effects of diet treatment. Diabetologia
35:777-784, 1992

Hollenbeck CB, Coulston AM: Effects of
dietary carbohydrate and fat intake on glu-
cose and lipoprotein metabolism in indi-
viduals with diabetes mellitus. Diabetes
Care 14:774-785, 1991

Campbell LV, Marmot PE, Dyer JA, Bork-
man M, Storlien LH: The high-monounsat-
urated fat diet as a practical alternative for
NIDDM. Diabetes Care17:177-182, 1994
Garg A, Bantle JP, Henry RR, Coulston A,
Griver KA, Raatz SK, Brinkley L, Chen Y-DI,
Grundy SM, Huet BA, Reaven GM: Effects
of varying carbohydrate content of diet in
patients with non-insulin-dependent dia-
betes mellitus. JAMA271:1421-1428, 1994
Grey N, Kipnis DN: Effect of diet composi-
tion on the hyperinsulinemia of obesity. N
Engl ] Med15:827-831, 1971

Olefsky J, Crapo PA, Ginsberg H, Reaven
GM: Metabolic effects of increased caloric
intake in man. Metabolism24:495-503,
1975

Reaven GM, Hollenbeck C, Jeng C, Wu
MS, Chen YD: Measurement of plasma glu-
cose, free fatty acid, lactate, and insulin for
24 h in patients with NIDDM. Diabetes
37:1020-1024, 1988

Collier G, O'Dea K: The effect of coinges-
tion of fat on the glucose, insulin, and gas-
tric inhibitory polypeptide responses to
carbohydrate and protein. Am J Clin Nutr
37:941-944, 1983

Kelley DE: Effects of weight loss on glucose
homeostasis in NIDDM. Diabetes Rev3:
366-377, 1995

Randle PJ, Garland PB, Hales CN, New-
sholme EA: The glucose fatty-acid cycle: its
role in insulin sensitivity and the metabolic
disturbances of diabetes mellitus. Lancet
i:785-789, 1963

Jimenez J, Zuniga-Guajardo S, Zinman B,
Angel A: Effects of weight loss in massive
obesity on insulin and C-peptide dynamics:
sequential changes in insulin production,
clearance and sensitivity. J Clin Endocrinol
Metab64:661-668, 1987

Polonsky KS, Gumbiner B, Ostrega D,
Griver K, Tager H, Henry RR: Alterations in
immunoreactive proinsulin and insulin
clearance induced by weight loss in
NIDDM. Diabetes43:871-877, 1994
Wahrenberg H, Lonnqvist F Arner P:
Mechanisms underlying regional differ-

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

ences in lipolysis in human adipose tissue.
J Clin InvesB84:458-467, 1989

Mérin P, Andersson B, Ottosson M, Olbe L,
Chowdhury B, Kvist H, Holm G, Sjostrom
L, Bjorntorp P: The morphology and
metabolism of intraabdominal adipose tis-
sue in men. Metabolism41:1242-1248,
1992

Vansant G, Den Besten C, Weststrate J,
Deurenberg P: Body fat distribution and the
prognosis for weight reduction: prelimi-
nary observations. Int J Obes12:133-140,
1988

Fery F: Role of hepatic glucose production
and glucose uptake in the pathogenesis of
fasting hyperglycemia in type 2 diabetes:
normalization of glucose kinetics by short
term fasting. J Clin Endocrinol Metab
78:536-542, 1994

Bessard T, Schutz Y, Jequier E: Energy
expenditure and postprandial thermogene-
sis in obese women before and after weight
loss. Am J Clin Nuti38:680-693, 1983
Nelson KM, Weinsier RL, James LD, Dar-
nell B, Hunter G, Long CL: Effect of weight
reduction on resting energy expenditure,
substrate utilization and the thermic effect
of food in moderately obese women. Am J
Clin Nutr55:924-933, 1992

Bevilacqua S, Bonnadonna R, Buzzigoli G,
Boni C, Ciociaro D, Maccari F Giorico MA,
Ferrannini E: Acute elevation of free fatty
acid levels leads to heptic insulin resistance
in obese subjects. Metabolisn86:502-506,
1987

DeFronzo RA: Lilly Lecture 1987: the tri-
umvirate: B-cell, muscle, liver: a collusion
responsible for NIDDM. Diabetes37:667—
687, 1988

Jeng CY, Sheu WH, Fuh MM, Chen YD,
Reaven GM: Relationship between hepatic
glucose production and fasting plasma glu-
cose concentration in patients with
NIDDM. Diabetes43:1440-1444, 1994
Savage PJ, Bennion LJ, Flock EV, Nag-
ulesparan M, Mott D, Roth J, Unger R, Ben-
nett P: Diet-induced improvement of
abnormalities in insulin and glucagon
secretion and in insulin receptor binding in
diabetes mellitus. J Clin Endocrinol Metab
48:999-1007, 1979

Toubro S, Astrup A: Randomised compari-
son of diets for maintaining obese subjects’
weight after major weight loss: ad lib, low
fat, high carbohydrate diet v fixed energy
intake. BMJ314:29-34, 1997

694

DiaBETES CARE, VOLUME 21, NUMBER 5, MAy 1998



