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OBJECTIVE — To establish the effects of the short-acting insulin analog Lispro versus human
regular insulin (Hum-R) on postprandial metabolic control in IDDM.

RESEARCH DESIGN AND METHODS— Four studies were performed in 10
C-peptide—negative IDDM patients. Lispro or Hum-R (0.15 U/kg) or Lispro + NPH (0.07 U/kg)
or Hum-R + NPH were injected subcutaneously 30 min (Hum-R) or 5 min (Lispro) before
lunch. Preprandial plasma glucose (PG) was maintained on all four occasions at ~7.3 mmol/1 by
intravenous insulin.

RESULTS — After subcutaneous Lispro injection, plasma free insulin (FIRI) was greater be-
tween 0 and 2 h (233 ± 22 pmol/1) than after Hum-R (197 ± 25 pmol/1) but lower between 2.25
and 7 h (81 ± 10 vs. 104 ± 13 pmol/1, P < 0.05). After Lispro, PG was lower versus Hum-R for
3 h (7.4 ± 0.6 vs. 8.3 ± 0.9 mmol/1) but subsequently increased more than after Hum-R (3.25-
7h, 11.3 ± 1 vs. 9.6 ± 1.2 mmol/1), resulting in a 7-h postprandial PG greater than Hum-R
(9.4 ± 0.5 vs. 8.8 ± 0.6 mmol/l) (all P < 0.05). Addition of NPH to Lispro increased the 2.5-to
7-h FIRI to 110 ± 11 pmol/1 and decreased the 3.25- to 7-h PG to 7.7 ± 0.8 pmol/l, resulting in
0- to 7-h PG (7.3 ± 0.3 mmol/1) lower than after Hum-R + NPH (7.9 ± 0.5 pmol/1) (P < 0.05).

CONCLUSIONS — At meals, in order for Lispro to improve postprandial blood glucose not
only at 2-h, but also over a 7-h period in C-peptide—negative IDDM, basal insulin must be
optimally replaced.

The insulin analog [Lys(B28),
Pro(B29)] (henceforth referred to as
Lispro) has less tendency for self-

association at the subcutaneous injection
site, as compared with human regular in-
sulin (Hum-R) (1). Therefore, after sub-
cutaneous injection, Lispro is absorbed
faster and results in earlier plasma peak—
and there is less late hyperinsulin-
emia—as compared with Hum-R (2-4).
Subcutaneous injection of Lispro in
IDDM generates a peak of plasma insulin

that closely mimics the dynamics of (pe-
ripheral) plasma insulin response to meal
of nondiabetic subjects (5). Because of
these physiological pharmacokinetics and
pharmacodynamics, IDDM patients can
inject Lispro immediately before meals,
achieve better blood glucose control
within 2 h after meals (4, 6), and experi-
ence less frequent hypoglycemia late after
the injection (6), as compared with
Hum-R.

The duration of action of Lispro
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injected subcutaneously is shorter than
that of Hum-R (2,3). This is not a problem
in patients with recent IDDM onset and
residual pancreatic /3-cell function in
whom Lispro controls physiologically
postprandial blood glucose in an early
phase (2 h after meals) as well as in a late
phase (5-7 h after meals) because of on-
going endogenous insulin secretion (5).

In contrast, in patients with IDDM
duration of several years and nearly to-
tally absent endogenous insulin secretion,
insulin deficiency might occur earlier af-
ter subcutaneous Lispro injection than af-
ter Hum-R insulin injection, and greater
hyperglycemia might develop 4-6 h after
subcutaneous injection of Lispro. If so,
then the 24-h mean blood glucose after
Lispro would not necessarily be lower, as
compared with Hum-R, despite lower 2-h
postprandial blood glucose after Lispro
(4,6). In fact, recent studies in which
IDDM patients have been treated long
term with subcutaneous Lispro at meals
(6) or the monomeric insulin analog B-
AsplO (7) have not demonstrated a de-
crease in the percentage of glycohemoglo-
bin Al c (HbAlc), as compared with
Hum-R (6). Thus, whether the use of
short-acting insulin analogs, Lispro in
particular, improves long-term blood glu-
cose in IDDM remains at present an open
question. Surprisingly, to the best of our
knowledge, there are no studies compar-
ing the postprandial glycemic control af-
ter subcutaneous injection of Lispro and
Hum-R in intensively treated IDDM pa-
tients examined in strictly controlled con-
ditions.

The present studies were under-
taken to establish whether Lispro might
be advantageous in the intensive treat-
ment of IDDM at meals, as compared with
Hum-R. Specifically, the following two
hypotheses were tested: first, that simple
substitution of Hum-R with equimolar
doses of Lispro in C-peptide—negative
patients with IDDM results in no change
or possible deterioration of postprandial
blood glucose control; and second, that if
basal insulin is appropriately replaced,
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Table 1—Clinical features of the IDDM
patients studied

n
Sex (M/F)
Age (years)
Diabetes duration (years)
C-peptide (nmol/1)

Fasting
6 min after 1 mg i.v.

glucagon
BMI (kg/m2)
HbAu (%)*

10
4/6

29.1 ±3 .2
9.8 ± 1.8

0.16 ± 0.02
0.18 ± 0.02

21.8 ±0.9
7.2 ± 0.4

Data are means ± SE. For HbAlc, high-performance
liquid chromatography method was used (values in
nondiabetic subjects, 3.8-5.5%).

however, the prandial dose of Lispro re-
sults in a better postprandial blood glu-
cose control, as compared with Hum-R.

RESEARCH DESIGN AND
METHODS

Patients
Institutional Review Board approval was
obtained for these studies. Informed con-
sent was given by 10 C-peptide—negative
IDDM patients recruited from patients at-
tending our diabetes center (Table 1). At
the time of study, the diabetic patients
were free of any detectable diabetic com-
plications. They had no other disease
apart from diabetes and were not taking
any drugs other than insulin. All IDDM
patients were on a therapeutic program of
intensified therapy based on multiple
daily insulin injections (regular insulin at
breakfast, at lunch, and at supper, and
intermediate-acting insulin at bedtime)
(8). The patients were studied on four dif-
ferent occasions, 1 week apart, in random
order. Hypoglycemia (capillary blood

glucose read with chemistrips < 4
mmol/1) during the week before studies
was excluded by daily preprandial and
bedtime blood glucose monitoring. The
day before studies, the patients continued
their usual subcutaneous insulin treat-
ment. On the morning of the studies, pa-
tients were admitted to the Clinical Re-
search Center of the Department of
Internal Medicine and Endocrine and
Metabolic Sciences, University of Perugia,
at 0630. They were in the fasting state and
had omitted their usual subcutaneous in-
jection of regular insulin at breakfast.
They were put to bed and studied in the
supine position until 1930. Two venous
lines were started. A hand vein of one arm
was cannulated retrogradely with a but-
terfly needle (20 gauge) and maintained
in a Plexiglas thermoregulated box
(~65°C) for sampling of arterialized ve-
nous blood (9). A superficial vein of the
contralateral arm was cannulated with a
19-gauge catheter needle for infusion of
insulin and, if needed, glucose. These
lines were maintained patent by an infu-
sion of 0.9% NaCl (30 ml/h) by means of
two peristaltic pumps (VM 8000 M, Vial
Medical, St-Martin-Le-Vinoux, Grenoble,
France). At 0700, an infusion of human
regular insulin (Humulin R U-100, Eli
Lilly, Indianapolis, IN) (diluted to 0.5
U/ml in 2 ml of the subject's blood and
0.9% NaCl to a final volume of 100 ml)
was begun using a syringe pump (Har-
vard Apparatus, Ealing South Natick,
MA) to maintain a plasma glucose con-
centration between 7.0 and 7.5 mmol/1, as
previously described (10). This was con-
tinued until the prandial dose of insulin
was injected subcutaneously at noon. Be-

tween 0730 and 0745, IDDM patients
consumed breakfast (100 g milk, 30 g
white bread; 186 kcal, 56% carbohydrate,
26% protein, 18% lipid). At 1200 on two
occasions and at 1225 on two other occa-
sions, 0.15 U/kg human regular insulin
(Humulin R, Hum-R) and the short-
acting insulin analog Lispro (U-100
Hum-R and Lispro provided by Eli Lilly),
respectively, were injected subcutane-
ously in the abdominal area 2 cm to the
left or right of the umbilicus, alone or
mixed with 0.07 U/kg NPH insulin (Hu-
mulin I, Eli Lilly, U-100). After subcuta-
neous insulin injection, the i.v. was ta-
pered (in the two Hum-R studies, the
intravenous insulin infusion required be-
tween 1130 and 1200 was reduced by
25% between 1200 and 1205, by 50%
between 1205 and 1210, and then
stopped; in the two Lispro studies, the
intravenous insulin required between
1200 and 1225 was reduced by 25% be-
tween 1225 and 1230, by 50% between
1230 and 1235, and then stopped). At
1230 (time zero), a lunch was served (60
g pasta, 80 g veal meat, 200 g vegetables
dressed with 20 g olive oil, 50 g white
bread, 150 g apple, 692 kcal, 54.2% car-
bohydrate, 17.4% protein, 28.4% lipid)
and eaten within 20 min. No wine was
allowed.

Analytical methods
Plasma glucose was measured using a
Beckman Glucose Analyzer (Beckman,
Palo Alto, CA). Plasma C-peptide and
non—glucose metabolite concentrations
were measured by previously described
assays (11). Plasma insulin was measured
by means of a commercially available kit

Table 2—Intravenous insulin requirements and plasma glucose concentration before subcutaneous insulin injection on the 4 study days

Insulin infusion (mU • kg
Lispro
Hum-R
Lispro + NPH
Hum-R + NPH

Plasma glucose (mmol/1)
Lispro
Hum-R
Lispro + NPH
Hum-R + NPH

Data are means ± SE. Lispro

0730

~1 -min"1)
0.22 ± 0.08
0.23 ± 0.07
0.25 ± 0.10
0.24 ± 0.09

12.1 ±0.8
12.3 ±0.8
11.9 ± 0.8
11.9 ±0.9

0830

0.39 ± 0.09
0.45 ± 0.08
0.48 ± 0.11
0.46 ± 0.10

10.3 ± 0.7
10.6 ±0.8
10.3 ± 0.7
10.6 ± 0.8

0930

0.24 ± 0.03
0.23 ± 0.02
0.26 ± 0.05
0.25 ± 0.03

11.0 ±0.8
11.2 ± 0.8
12.0 ± 0.9
11.6 ±0.9

, and Lispro + NPH at 1225; Hum-R, and Hum-R + NPH at 1200

Time of day

1030

0.23 ± 0.04
0.25 ± 0.03
0.22 ± 0.04
0.23 ± 0.04

8.7 ± 0.7
8.9 ± 0.8
9.2 ± 0.8
8.8 ±0 .7

. *P < 0.02 vs.

1130

0.17 ± 0.05
0.20 ± 0.04
0.17 ± 0.05
0.18 ± 0.05

7.9 ± 0.4
7.8 ± 0.4
8.1 ± 0.4
7.9 ± 0.5

1200

0.10 ±0.04
0.10 ± 0.03
0.11 ±0.04
0.08 ± 0.04

7.4 ± 0.3
7.6 ± 0.3
7.2 ± 0.3
7.1 ±0.3

Lispro; tP < 0.002 vs. Lispro +

1230

0.06 ± 0.02
0.02 ± 0.01
0.05 ± 0.02
0.03 ± 0.01

7.4 ± 0.3
6.6 ± 0.3*
7.1 ± 0.3
6.3 ± 0.3t

NPH.
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Figure 1—Plasma (free) insulin concentrations in a group oj C-peptide—negative IDDM patients
studied on Jour different occasions, after subcutaneous injection of 0.15 UDxg of the short-acting insulin
analog (Lispro) or human regular insulin (Hum-R) alone, or Lispro or Hum-R mixed with 0.07 Wig
NPH. Lispro was injected 5 min before the meal and Hum-R was injected 30 min before the meal.

(Incstar, Stillwater, MN). To remove anti-
body-bound insulin in IDDM patients,

plasma was mixed with an equal volume
of 30% polyethylene glycol immediately

Table 3—Plasma insulin and glucose dynamics in the four studies

Torlone and Associates

after blood collection (12). The immuno-
genicity of Lispro and Hum-R was com-
pared within the concentration range of
samples. The dilution curves of Lispro
and Hum-R were virtually superimpos-
able, with the cross-reactivity from % to
98% in concentrations from 50 to 420
pmol/1. Plasma glucagon was measured
by radioimmunoassay using a commer-
cially available kit (ICN Biomedical, Costa
Mesa, CA). HbAu. was determined by
means of high-performance liquid chro-
matography using an Hl-Auto Au. TMIIA
8121 apparatus (DIG, Kyoto Daiichi,
Kogaku, Japan) (range in nondiabetic
subjects, 3.8-5.5%).

Statistical analysis
Data are given as means ± SI:. A commer-
cially available software package (CSS,
Stasoft, Tulsa, OK) was used for statistical
analysis. The differences among groups
were analyzed using analysis of variance
corrected for repeated measures (13).

RESULTS

Morning insulin requirements and
plasma glucose before lunch
Breakfast and postbreakfast insulin re-
quirements were superimposable in the
four studies (P = NS). Plasma glucose
concentration was also similar in the four
studies from 0830 to 1200 (P = NS). Im-
mediately before lunch, plasma glucose
concentrations and insulin requirements
were lower in the Hum-R than in the Lis-
pro studies (P < 0.05) (Table 2).

Plasma free insulin concentrations
Baseline (1200, —30 min) plasma free in-
sulin concentrations were superimpos-
able in all studies. After Lispro, plasma

Hum-R Lispro Hum-R + NPH Lispro + NPH

Maximal plasma insulin concentration (pmol/1)
Time to maximal plasma insulin concentration (min after

subcutaneous injection)
Area under curve plasma insulin (nmol • L ' • 420 min""1)
Plasma glucose maximal positive excursion (mmol/1)

120 min
420 min

Plasma glucose maximal negative excursion (mmol/1)
Area under curve plasma glucose (mmol • 1 ' • 420 min l)
Mean plasma glucose 0-420 min (mmol/1)

264 ± 25

105 ± 16

65.5 ± 6.8

1.9 ±0.3

4.2 ± 0.45

1.6 ± 0.25

4,011 ± 294

8.8 ± 0.6

393 ±37*

41 ± 4*

62.2 ± 6.1

0 ± 0.1*
6.83 ± 0.6*

0.55 ± 0.02*

4,016 ± 209

9.4 ± 0.5

318 ± 25*

111 ± 5

79.6 ± 3.9*

0.94 ± 0.11*

2.3 ± 0.22*

1.39 ±0.17*

3,570 ± 222*

7.9 ± 0.5*

459
56

78.0

0.5
1.05

0.61

3,116

7.3

± 3(vT

± 6?

:+: 4.4+

± 0.1$

± 0.1+-i:

± 0.06
•+• 12V'":

± 0.3+*

Data are means ± SE. *P < 0.05 vs. Hum-R; tp < 0.05 vs. Lispro; JP < 0.05 vs. Hum-R + NPH.
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Figure 2—Plasma glucose concentrations in a group of C-peptide—negative IDDM patients studied on
four different occasions, after subcutaneous injection of 0.15 U/kg of the short-acting insulin analog
(Lispro) or human regular insulin (Hum-R) alone, or Lispro or Hum-R mixed with 0.07 U/kg NPH.
Lispro was injected 5 min before the meal, and Hum-R was injected 30 min before the meal.

free insulin increased sharply to a peak of
390 ± 42 pmol/1 at 30 min, then de-
creased to baseline values by 240 min and
below baseline between 300 and 420
min. After Hum-R, there was no real peak,
but rather a plateau concentration of

~230 pmol/1 between 30 and 120 min
(Fig. 1). After that, plasma free insulin de-
creased more slowly than in the Lispro
study, reached the baseline value at 300
min, and was greater than Lispro until the
end of studies from 2.25 to 7 h (104 ± 13

vs. 81 ± 10 pmol/1, P < 0.05). Areas un-
der plasma insulin curves after subcuta-
neous injection of Lispro and Hum-R
were no different (Table 3).

When NPH was added to Lispro,
the peak plasma insulin occurred slightly,
but not significantly, later and after 300
min was greater compared with Lispro
alone (P = 0.02). When NPH was added
to Hum-R, a plasma insulin peak finally
appeared at 90 min (P < 0.05 vs. Hum-
R). After 210 min, plasma insulin was
greater than in the Hum-R study. Addi-
tion of NPH to either Lispro and Hum-R
did not modify the time to maximal
plasma insulin concentration; neither
were areas under curve plasma insulin af-
ter Lispro + NPH and Hum-R + NPH
different (Table 3).

Plasma glucose concentrations
Baseline (—30 min) plasma glucose con-
centrations were superimposable in all
four studies. In the Lispro study, post-
prandial plasma glucose did not increase
for 150 min. However, subsequently,
plasma glucose increased progressively
until the end of study (14.3 ± 0.9 mmol/
1). In the Hum-R study, plasma glucose
decreased before meal ingestion (0 min,
6.6 ± 0.3 mmol/1) and reached a nadir of
5.7 ± 0.3 mmol/1 at 15 min. Subse-
quently, plasma glucose increased to a
peak of 9.6 ± 0.6 mmol/1 at 135 min,
decreased transiently until 225 min, and
finally increased less than in the Lispro
study (11.7 ± 1.2 mmol/1 at 420 min, P <
0.05 vs. Lispro).

In the Lispro + NPH study, post-
prandial plasma glucose was consistently
lower than in the Lispro study from 210
min until 420 min (P < 0.05). Finally, in
the Hum-R + NPH study, plasma glucose
was lower than in the Hum-R study but
did reach statistical significance only at
135 min (P = 0.048) (Fig. 2).

Thus, Lispro alone improved

Table 4—Plasma glucagon concentrations (pg/ml) in response to meal ingestion in the four studies

Study

Lispro
Hum-R
Lispro + NPH
Hum-R + NPH

Data arc means ± SE.

- 3 0

183 ±
191 ±
187 ±
180 ±

25
26
26
23

0

200 ±
212 ±
201 ±
204 ±

22
35
30
30

30

205 ±
229 ±
186 ±
207 ±

27
37
24
25

Time (min)

60

187 ±
214 ±
192 ±
205 ±

18
32
24
26

90

205 ±
213 ±
202 ±
205 ±

17
29
24
25

120

207 ±
200 ±
197 ±
196 ±

20
30
22
27

150

207 ±
191 ±
196 ±
192 ±

21
28
22
25
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Figure 3—Plasma FFAs and fi-OH-butyrate concentrations in agroup of C-peptide—negative IDDM
patients studied on four different occasions, after subcutaneous injection of 0.15 U/lig of the short-acting
insulin analog (Lispro) or human regular insulin (Hum-R) alone, or Lispro or Hum-R mixed with 0.07
U/hg NPH. Lispro was injected 5 min before the meal, and Hum-R was injected 30 min before the meal.

postprandial plasma glucose only in an
early phase (initial 3 h), whereas between
3.5 and 7 h, it resulted in exaggerated
postprandial hyperglycemia, as com-
pared with Hum-R. Consequently, the
overall 7-h postprandial plasma glucose

was not lower after Lispro than after
Hum-R. Addition of NPH decreased post-
prandial plasma glucose in an early as well
as late phase in both the Lispro and
Hum-R studies, but the effect was greater
when NPH was added to Lispro (Table 3).

Plasma glucagon concentrations
Baseline and postmeal plasma glucagon
concentrations were superimposablc in
all four studies (Table 4).

Plasma free fatty acid (FFA) and
/3-OH-butyrate concentrations
Baseline plasma FFAs were similar in all
studies (P = NS). After Lispro and
Hum-R, plasma FFAs suppressed simi-
larly until 150 min. After that, plasma
FFAs increased more in the Lispro study
than in the Hum-R study (at 420 min,
1,230 ± 102 vs. 775 ± 88 /imol/l, re-
spectively, P < 0.05). When NPH was
added to Lispro and Hum-R, plasma FFA
increased less after 180 min on both oc-
casions as compared with the studies
where Lispro and Hum-R were injected
alone (P < 0.05). Plasma j3-OH-butyrate
concentrations, after initial suppression,
increased more in Lispro than in the
Hum-R study (at 420 min, 2,456 ± 234
vs. 1,225 ± 1 1 5 /xmol/l, P < 0.001).
When NPH was added to Lispro, plasma
/3-OH-butyrate increased less and was no
different from the values of the Hum-R 4
NPH study (P = NS) (Fig. 3).

Plasma lactate, alanine, and glycerol
concentrations
Plasma lactate increased similarly in all
studies between 60 and 150 min. Plasma
alanine increased at 30 min in all studies
and remained increased until the end oi
the studies. Plasma glycerol closely fol-
lowed the pattern of plasma FFA. In fact,
after initial suppression, glycerol re-
bounded more in the Lispro study than in
the Hum-R study, although the difference
was not statistically significant, whereas it
increased less when NPH was added to
Lispro (P < 0.05 vs. Lispro study) (Table
5).

CONCLUSIONS— The present
studies demonstrate that in C-peptide --
negative IDDM patients, subcutaneous
injection of the short-acting insulin ana-

Table 4—Continued

Time (min)

180
196 ±
in;. ±
186 ±
190 ±

25
27
22
24

210
195 ± 21
177 ± 24
197 ± 21
177 ± 22

240
188 ± 21
196 ± 25
186 ± 22
193 ± 23

270
205 ± 20
198 ± 12
184 ± 22
194 ± 16

300
179 ± 22
182 ± 22
184 ± 22
185 ± 25

330
189 ± 24
184 ± 22
188 ± 23
178 ± 21

360
200 ± 19
183 ± 26
186 ± 17
185 ± 26

390
201 ± 18
185 ± 26
193 ± 17
178 ± 21

420
211 +
184 ±
187 ±
182 ±

10
21
18
11
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Table 5—Plasma metabolite concentrations in response to mean ingestion in the four studies

Lactatc (mmol -1 l • 1 ')
Lispro

Hum-R

Lispro + NPH

Hum-R 4- NPH

Alaninc (jLtmol • 1 ] • I""1)
Lispro

Hum-R

Lispro + NPH

Hum-R 4- NPH

Glyccrol (jumol • 1 * • 1 v

Lispro

Hum-R

Lispro + NPH

Hum-R + NPH

- 3 0

0.90 ±
0.95 ±
0.83 ±
0.93 ±

350.9 ±
378.6 ±
381.4 ±
368.1 ±

89.5 ±
89.6 ±

102.1 ±
96.2 ±

0.06
0.06
0.06
0.08

18.1
16.2
27.2
34.9

16.4
11
13.2
17.6

0

0.82 ± 0.07
0.86 ± 0.05
0.84 ± 0.06
0.92 ± 0.04

349.3 ± 15.7
363 ± 15.6

365.1 ±21.8
367.9 ± 38

92.3 ± 14.2
89.5 ± 17.9
99.6 ± 9
90.5 ± 16.5

30

1.22 ±0.11
1.82 ±0.16
1.31 ± 0.16
1.25 ±0.16

399.4 ± 18.6
420 ± 16

424.8 ± 37.4
404.5 ± 29.9

55.6 ± 7.8
59.3 ± 13.3
66.5 ± 5.6

66 ± 12

Time (min)

60

2.23 ±0.18
2.44 ± 0.53
2.21 ± 0.16
2.06 ±0.17

575.5 ± 35.7
612.9 ±32.1
551.5 ±42.5
556.9 ± 41.9

48.2 ± 7.3
63 ± 14.3

63.2 ± 6.6
65.4 ± 9.9

90

1.74 ±0.13
1.71 ±0.11
1.78 ± 0.14
1.81 ±0.10

612.9 ± 34.4
644.1 ± 33.6
537.1 ± 33.9
651.9 ± 54.2

58.6 ±9.1
67.4 ± 12

60 ± 7.4
63.8 ± 12.5

120

1.36 ± 0.09
1.63 ±0.11
1.50 ±0.12
1.67 ± 0.09

591.4 ± 29.2
626.6 ± 25.7
603.9 ± 58.4
603.4 ± 61.3

55.3 ± 7.5
79.5 ± 13
59.8 ± 8.6
71.8 ± 10.4

150

1.20 ± 0.09
1.54 ± 0.09
1.25 ± 0.09
1.52 ± 0.09

588.8 ± 30.2
627.4 ± 31.7
534.6 ± 33.8
594.6 ± 57.3

58.4 ± 10
81 ± 15.4

65.7 ± 8
77.1 ± 10.3

Data are means ± SE.

log Lispro results in better postprandial
glycemic control than does Hum-R in an
early phase (initial 3 h) but that in a later
phase (3-7 h), hyperglycemia and, most
important, hyperketonemia are greater af-
ter Lispro than after Hum-R. Therefore,
the mean postprandial plasma glucose
concentration over 7 h, a period that
closely reflects the duration of the after-
noon of many IDDM patients, is not lower
after Lispro, as compared with Hum-R
(Table 3). These results help explain why
long-term treatment of IDDM with Lispro
(6) or other short-acting insulin analogs
(7) in recent studies has not resulted in
lower HbAlc, as compared with Hum-R,
despite lower 2-h postprandial plasma
glucose.

However, the present studies also
demonstrate that when basal insulin is ap-
propriately replaced, Lispro improves not
only early (2-h), but also late (7-h) plasma
glucose concentrations, as compared with
Hum-R. Under these conditions, mean
plasma glucose is ~2.1 mmol/1 lower, as
compared with Lispro alone; —1.5
mmol/1 lower, as compared with Hum-R
alone; and ~0.6 mmol/1 lower, as com-
pared with Hum-R + NPH (Table 3).
Translated into indications for intensive
treatment of C-peptide—negative IDDM
patients, the present study would predict
that subcutaneous administration of the
short-acting Lispro insulin analog may
improve 24-h plasma glucose control
solely by the extent to which basal insulin

is at the same time optimally replaced.
This is different from the recent observa-
tion in patients with short duration of
IDDM and residual pancreatic /3-cell
function, where Lispro results in better
postprandial glycemic control, as com-
pared with Hum-R up to 7 h, with no
need for replacement of basal insulin (5).

Notably, in the present studies,
Lispro did not affect plasma glucagon re-
sponses to the meal. This is at variance
with a recent study (4). However, the re-
sults of the present study are in agreement
with those of a previous study in IDDM
patients with residual pancreatic /3-cell
function (5).

A couple of points in the design of
the present studies deserve some com-
ment. First, the present studies underes-
timate the plasma glucose—lowering ef-
fect of Lispro, as compared with Hum-R,
because the former was injected with the
meal, whereas the latter was injected 30
min before the meal. Had Hum-R been
injected with the meal (5,14,15), then the
greater effect of Lispro on the 2-h post-
prandial plasma glucose would have ap-
peared more evident. This is relevant to
the many IDDM patients who often inject
Hum-R at meal time and do not allow an
interval of time of 20-30 min to elapse
between injection and meal. These are the
patients who will benefit most from Lis-
pro treatment in terms of better postpran-
dial glucoregulation.

Second, in the present studies, the

IDDM patients were nearly off basal insu-
lin at lunch. This model of investigation
exaggerates the shorter duration of action
of subcutaneous Lispro, as compared
with Hum-R. However, insulin was in-
fused intravenously, not subcutaneously,
before studies to achieve comparable
baseline plasma glucose concentrations.
In addition, the low subcutaneous insulin
depot (16,17) of the IDDM patients in the
present studies at the time of their pran-
dial subcutaneous insulin injection al-
lowed us to define exactly the duration of
action of subcutaneous Lispro and
Hum-R without the confounding effects
of the variable absorption of subcutane-
ous insulin depot (16,17).

The finding of the present studies,
that in C-peptide —negative IDDM pa-
tients, Lispro improves postprandial
blood glucose concentration only if basal
insulin is at the same time appropriately
replaced, has important implications for
intensive management of IDDM.

The present studies indicate that
prandial use of Lispro in C-peptide—neg-
ative IDDM unmasks greater need for
basal insulin, as compared with Hum-R.
In the present studies conducted in Italy,
basal insulin was replaced with a rela-
tively small dose of NPH at lunch because
the majority of intensively treated IDDM
patients in our country have supper quite
late after lunch. The present studies indi-
rectly suggest that NPH should be added
to Lispro at any meal of the day whenever
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Table 5—Continued

Torlone and Associates

Time (min)

180 210 240 270 300 330 360 390 420

1.08 ± 0.06
1.59 ± 0.18
1.30 ±0.11
1.28 ±0.10

'384.7 ± 30.2
615 ± 29.3

582.2 ±43.1
590.6 ± 53.6

77.6 ±21.5
89.2 ± 14.2
70.3 ± 7.7
83.8 ± 9.6

1.01 ± 0.06
1.46 ± 0.16
1.11 ±0.07
1.12 ±0.07

579.9 ± 26.1
633.9 ± 29.5
559.3 ± 35.3
595.7 ± 51.1

91.4 ± 17.5
91.5 ± 16.6
71.2 ± 7.2

86 ± 10.5

1.03 ±0.11
1.24 ± 0.07
0.95 ± 0.07
1.07 ± 0.05

560.7 ± 24.4
585.5 ± 25.2
561.3 ± 38.2
529.5 ± 68.6

106.8 ± 14.8
102.2 ± 15.4
75.8 ± 7
89.7 ± 11.3

0.93 ± 0.04
1.18 ± 0.07
0.97 ± 0.05
1.05 ± 0.05

542.1 ± 23.3
566.5 ± 26.2
571.7 ±36.5
555.1 ±48.3

142.4 ± 15.9
124.9 ± 17.9
84.1 ± 8.5
95.9 ± 10.1

0.97 ± 0.07
1.08 ± 0.07
0.93 ± 0.09
0.93 ± 0.06

529.8 ± 23.2
557.5 ± 26.8
545.2 ± 41.8
539.9 ± 54

167.4 ± 14.1
136.7 ± 18.8
107.4 ±9.1
104.5 ± 8.8

1.01 ± 0.08
1.05 ± 0.07
0.92 ± 0.09
0.99 ± 0.07

489.1 ±31
511.5 ±39.2
548.2 ± 42.2
523.1 ± 54.2

188.8 ± 17.4
159.3 ± 16.6
132.5 ± 10.4
120.7 ±8.2

0.88 ± 0.08
1.08 ± 0.06
0.86 ± 0.09
0.98 ± 0.05

465 ± 35.6
495.3 ±41.4
513.9 ± 40.6
499.8 ± 40.2

193.7 ± 18
165.8 ± 19.9
152.5 ± 10.4
133.7 ± 7.3

0.88 ± 0.07
1.02 ± 0.05
0.85 ± 0.08
0.88 ± 0.05

454.8 ± 30.4
490.2 ± 40.7
482.3 ± 43.2
466.6 ± 32.8

187.6 ± 13.3
159 ± 14.7

158.8 ± 9.4
143.6 ± 11

0.86 ± 0.07
0.96 :+: O.Oi
0.85 :+: 0.07
0.88 ± 0.0:=)

447.5 ± 36.7
490.1 :+: 40.7
455.1 :+: 25.7
433 + 33.2

209.4 ±12.1
164.8 :+: 14.6
164.5 :+: 9
149.7 ± 11.8

the next insulin injection will be given no
earlier than 3-4 h. Of note, failure to replace
basal insulin in C-peptide—negative IDDM
patients given Lispro at meals results in
progressive insulin deficiency and ketosis
greater than with Hum-R, as indicated in
the present studies (Fig. 3).

There are several approaches to
replacement of basal insulin in IDDM.
Ideally, continuous subcutaneous insulin
infusion is the most rational (16,17). In
practice, however, injections of interme-
diate-acting insulin is the most popular
treatment. In Northern Europe and
American countries, NPH insulin is often
given at breakfast, mixed with regular in-
sulin, to provide basal insulin for the daily
hours, usually to a final ratio NPH:regular
of 2:1. In this regard, the present studies
indicate that even more NPH insulin
should be given in the morning to com-
pensate for the shorter duration of action
of Lispro at breakfast and lunch. How-
ever, one objection against such an ap-
proach would be that a larger subcutane-
ous insulin depot increases variability of
insulin absorption (16,17) and the risk
for hypoglycemia before lunch (18).
Thus, the alternative option of a small
dose of NPH (0.07 U/kg) mixed with
short-acting insulin and injected at each
meal in the proportion of 20-40% NPH
and 80-60% Lispro (present study)
seems to be a more rational solution to the
problem of replacement of basal insulin
during the day than a large dose of NPH in
a single or twice-daily injection.

The present studies suggest that
Lispro in IDDM should be given as a mix-
ture with NPH at breakfast, lunch, and
supper. The three daily injections of NPH
used in this scheme should not overlap
with the bedtime injection of NPH be-
cause of the small doses used, and, there-
fore, hypoglycemia due to excess NPH
should not occur. Because the time inter-
val between breakfast and lunch and be-
tween supper and bedtime is shorter, as
compared with between lunch and sup-
per, one would expect that less NPH is
needed in the mixture at breakfast and
supper (e.g. 20% NPH and 80% Lispro),
as compared with lunch (40% NPH and
60% Lispro). However, long-term studies
are needed to validate these hypotheses.

Regarding the possibility of mix-
ing Ultralente instead of NPH as basal in-
sulin, we would not favor this hypothesis
for two reasons. First, Ultralente has
greater variability of absorption than NPH
and may exacerbate hyperglycemic as
well as hypoglycemic swings. Second, like
every zinc-retarded insulin preparation,
Ultralente may blunt the rapid-acting
component of the mixture to an unpre-
dictable extent (19).

An interesting observation in
these studies is the evidence for early ab-
sorption of the small dose of NPH mixed
with the short-acting insulin. When ei-
ther Lispro or Hum-R were injected in
combination with NPH, plasma insulin
increased more in an early phase (after 45
min), as compared with the studies where

Lispro and Hum-R were injected alone.
Although this is not a new finding
(19,20), the observation that pre-meal
NPH contributes to plasma insulin con-
centration already in the early postpran-
dial phase is nevertheless of note. In the
present studies, the additive effect of NPH
on rapid-acting insulin was especially ev-
ident with Hum-R. The combination
Hum-R 4- NPH resulted in a real peak
plasma insulin (90 min), which con-
trasted with the plateau; no peak plasma
insulin between 60 and 120 min was ob-
served after injection of Hum-R alone
(Fig. 1). This effect was the basis of im-
proved postprandial plasma glucose after
Hum-R mixed with NPH.

A final question is whether Lispro
should be preferred to Hum-R in the in-
tensive treatment of IDDM. The present
studies suggest a positive answer for two
reasons. First, Lispro contributes to nor-
malizing lifestyles of IDDM patients who
can inject insulin and eat while achieving
better 2-h postprandial plasma glucose.
Second, Lispro results in prolonged im-
provement in plasma glucose late after
meals, provided that basal insulin is ap-
propriately replaced. If these results are
confirmed by long-term studies, then it
will be possible to demonstrate in IDDM
that Lispro at meals decreases the per-
centage of HbAu. more than Hum-R.
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