ORIGINAL

ARTICLE

Relationship Between
Absorption of Radiolabeled
Soluble Insulin, Subcutaneous
Blood Flow, and Anthropometry

Jiten P. Vora, MD
ANNA BURCH, MPH

Joun R. PETERS, FRCP
Davip R. OWENS, MD

OBJECTIVE — To evaluate the interrelationships between the rate of absorption of
soluble insulin, SCBF, and anthropometry in normal subjects.

RESEARCH DESIGN AND METHODS — In 12 normal men (age range 2330
yr, BMI 18.2-41.3 kg/m?), simultaneous assessment of the absorption of **°I-labeled
soluble insulin and SCBF (®*™T¢ clearance) was performed, on separate study days,
for the anterior abdominal wall, anterior midthigh, and the upper arm sites. Each site
was examined in a randomized order on two separate occasions. Absorption of
'?3Lsoluble insulin was determined by external monitoring of residual radioactivity
levels at the injection site for 6 h postinjection. Residual radioactivity level-time
curves, including the characteristic early phase of slow absorption of soluble insulin
(the lag phase), were described using two- and three- parameter biexponential mod-
els. Anthropometric measurements included BMI, ultrasonic measurement of the
subcutaneous adipose tissue layer, and caliper skin fold thickness at the anterior
abdominal wall, biceps, triceps, anterior midthigh, and subscapular sites.

RESULTS — A highly significant positive relationship was observed between the
rate of absorption of '*’I-soluble insulin and SCBF (rs = 0.44-0.52; P < 0.01-
0.001). The duration of the lag phase was inversely correlated with SCBF
(rs = —0.34——0.51; P < 0.01-0.001). Inverse relationships also were observed
for the subjects’ degree of adiposity with the rate of soluble insulin absorption
(rs = —0.43——0.71; P < 0.001) and SCBF (rs = —0.27-—0.62; P < 0.05-0.001).
Significantly shorter lag phase was observed for the abdominal site compared with
thigh and arm injection sites (P < 0.05-0.01).

CONCLUSIONS — The rate of absorption of soluble insulin, including during the
lag phase, is positively correlated with SCBF. Increasing adiposity prolongs the
duration of the early lag phase and reduces the rate of absorption of soluble insulin
and SCBF.
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number of studies have reported a
A positive relationship between the

rate of absorption of soluble insu-
lin and SCBF (1-4). Information is not
available, however, regarding the rela-
tionship with SCBF of the characteristic
initial phase of slow absorption of sub-
cutaneously administered soluble insu-
lin, the so-called lag phase. During the
lag phase, the relative rate of absorption
of soluble insulin gradually increases to a
maximum at ~120-180 min after injec-
tion and thereafter follows a monoexpo-
nential course (3,5-8). As a result of the
lag phase, peak plasma insulin levels are
attained at 90-150 min after subcutane-
ous administration of soluble insulin (9—
11). By contrast, meal ingestion by nor-
mal subjects results in a rapid rise in
plasma insulin levels, reaching a peak
within 30-60 min (12-15). The delay in
reaching peak insulin concentrations fol-
lowing subcutaneous injection of soluble
insulin results in postprandial hypergly-
cemia and possible delayed hypoglyce-
mia (7,9-11,13-15). In an attempt to
minimize postprandial hyperglycemia
caused by this initial delay in absorption,
subcutaneous soluble insulin should be
administered ~30 min before meal in-
gestion (16,17).

Despite its clinical significance in
the control of postprandial glycemic ex-
cursions, the lag phase has received rel-
atively little atention. The rates of ab-
sorption of soluble insulin previously
have been represented as time to 50%
absorption of initial radioactivity (T50),
or fractional clearance rates of the later
monoexponential absorption course, af-
ter the administration of radiolabeled
preparations (1-5,7,8). By virtue of the
methods utilized, these studies have not
specifically addressed the lag phase.

The purpose of this study in nor-
mal subjects was 1) to evaluate the rela-
tionship berween the absorption of ra-
diolabeled soluble insulin (including the
lag phase) and SCBF for the anterior ab-
dominal wall, anterior midthigh, and up-
per arm regions; and 2) to assess the

1484

DiaBETES CARE, VOLUME 15, NUMBER 11, NoOVEMBER 1992

¥202 Idy 60 U0 1s8nb Aq 4pd ¥8YL-L L-GL/LY L L Y/P8YLIL LIS /APd-8]01E/1ED/WOD" JIBYDISA|IS EPE//:d)Y WOL papEOjUMOq



influence on the absorption of soluble
insulin and SCBF of the subjects’ anthro-
pometric measurements.

RESEARCH DESIGN AND
METHODS — Twelve normal men
participated in the study (age range
23-30 yr; BMI 18.2—41.3 kg/m?). Sub-
jects were recruited after satisfactory
clinical and laboratory screening. They
did not possess a significant past medical
history nor a family history of diabetes
mellitus. This study was approved by the
local Area Ethics Committee, and in-
formed, written consent was obtained
from each participant.

Subjects participated on 6 study
days, each 1 wk apart, when they were
administered 6 U '*I-labeled soluble in-
sulin (Actrapid HM U100; specific activ-
ity range 140-200 kBg/ml; Novo Indus-
tri, Bagsvaerd, Denmark) and 0.06 ml
99™T¢ as the pertechnatate ion (specific
activity; nominal 0.074 MBgq/ml;
Amertec *°™Tc Sterile Generator, Amer-
sham International, Amersham, UK)
(18). Absorption of soluble insulin and
blood flow was investigated for the sub-
cutaneous tissue of the anterior abdom-
inal wall, anterior midthigh, and upper
arm. Each site was studied in a random-
ized order on two separate days. The
respective locations of the soluble insulin
and ?°™Tc administrations were half-way
between the anterior superior iliac spine
and the umbilicus, the anterior
midthigh, and at the inferior margin of
the lateral body of the deltoid muscle of
the upper arm.

On the night preceding each
study day, subjects were premedicated
with 100 mg potassium iodide to prevent
thyroidal uptake of '*°I and ®*™Tc. Each
study day commenced at 0800 after a
10-h overnight fast. On arrival, all par-
ticipants rested in the supine position for
2 h. An intravenous cannula (Venflon)
was sited into a median cubital fossa vein
attached by a three-way tap, for blood
sampling, to a slow-running infusion of
normal saline (0.150 mM). At the end of

the 2-h rest period, '?°I-labeled soluble
insulin was administered subcutaneously
(with a time of 0 min). **™Tc was ad-
ministered simultaneously, 3 cm from
the insulin administration site. All prep-
arations were administered using a dis-
posable Lo-Dose 0.5 ml syringe (Becton
Dickinson, Brooklyn, New York) (needle
length 12 mm, external diameter 0.4
mm). In order to standardize delivery of
the preparations, injections were per-
formed over 1 min by inserting the full
length of the syringe needle at 45° into a
lifted semifold. This technique was cho-
sen to avoid accidental intramuscular in-
jections (19). The syringe needle then
was withdrawn half-way and retained for
15 sec before complete withdrawal. In-
jection sites then were gently wiped with
cotton wool to remove material that may
have refluxed to the skin surface.

Disappearance of the injected
preparations from subcutaneous tissues
was determined from the levels of resid-
ual radioactivity at the injection site. Ex-
ternal emission of y rays was measured
with a 50 X 57 mm thallium-activated
sodium iodide scintillation detector with
a cylindrical lead collimator and fixed 50
mm above the skin surface by means of
spacer bars. Residual radioactivity at the
injection site was measured continuously
for the first 2 h after injection of the
radioisotopes and thereafter for 5 min at
half-hour intervals until the termination
of the 6-h study period. Energy win-
dows for the detector were selected to
include the photopeak (full energy)
emissions for '#°I and **™Tc at 30 and
140 KeV, respectively, thus enabling si-
multaneous detection of the two radio-
isotopes.

Subjects remained supine for the
duration of the study, and smoking was
not permitted. Room temperature was
maintained at 22 % 1°C, and skin sur-
face temperature, measured by a thermo-
couple (2100 Tele-Thermometer, Yellow
Springs, Yellow Springs, OH) placed
close to the injection site, was 32 * 2°C.
All subjects’ plasma glucose was moni-
tored throughout the study period. In
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the event of hypoglycemic symptoms, or
plasma glucose values <2.5 mM, oral
carbohydrate was administered, and re-
sults for that study day were excluded
from analysis.

Anthropometric measurements
BMI (weight in kg/height in m?) was
calculated on the measurement of height
(without shoes) against a wall-mounted
scale and the measurement of weight
with subjects wearing underwear.

Measurements of skin fold thick-
ness were performed on the right side of
the body with the subject seated, using
Harpenden skin-fold calipers (skin plate
area 10 mm; pressure applied 10 g/mm?
[British Indicators, St. Albans, UK]). Skin
folds were picked up between the thumb
and forefinger, and the caliper jaws ap-
plied at the skin fold site, ~1 cm below
the forefinger. For each site, skin fold
thickness was determined as a mean of
three measurements, performed to the
nearest 2 mm. The sites selected, as sug-
gested by the International Biological
Program (20) were: biceps—over the
midpoint of the belly of the muscle; tri-
ceps—over the midpoint of the muscle
belly, midway between the olecranon
and the tip of the acromion; subscapu-
lar—below the tip of the inferior angle of
the scapula, at a 45° angle; thigh—
midpoint over anterior thigh; and abdo-
men—midpoint between the umbilicus
and the anterior superior iliac spine, with
the subject upright.

Ultrasonic measurements of the
subcutaneous adipose tissue layer were
performed using a high-frequency
pulsed A-scan system (Cutech Systems,
Cardiff, UK), with a 10-MHz lead met-
aniobate transducer (21). Ultrasonic
measurements of the subcutaneous adi-
pose tissue thickness were obtained, with
the subject upright, at: the anterior ab-
dominal wall—half-way between the
umbilicus and the anterior superior iliac
spine; thigh—anterior midthigh; arm—
at the inferior margin of the lateral belly
of the deltoid muscle; and at a subscap-
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Soluble insulin absorption, blood flow, and anthropometry

Table 1—Summary of pertinent abbreviations used in the analysis of results

125]_SOLUBLE INSULIN ABSORPTION

K, = RATE CONSTANT REPRESENTING ABSORPTION OF SOLUBLE INSULIN FOR MODEL A
K = RATE CONSTANT REPRESENTING ABSORPTION OF SOLUBLE INSULIN FOR MODEL B
T50 = TIME TO ABSORPTION OF 50% OF INITIAL RADIOACTIVITY AT INJECTION SITE (MODEL A)

PARAMETERS REPRESENTING THE LAG PHASE

T10 = TIME TO ABSORPTION OF 10% OF INITIAL RADIOACTIVITY AT INJECTION SITE (MODEL A)
T25 = TIME TO ABSORPTION OF 25% OF INITIAL RADIOACTIVITY AT INJECTION SITE (MODEL A)
TMAX = TIME TO MAXIMAL RATE OF ABSORPTION OF SOLUBLE INSULIN = 1/k (MODEL B)

SCBF

TFAST = HALF-CLEARANCE TIME FOR FAST EXPONENT OF *TC CLEARANCE
TSLOW = HALF-CLEARANCE TIME FOR SLOW EXPONENT OF QQMTC CLEARANCE
%SLOW = RELATIVE CONTRIBUTION OF THE SLOW COMPONENT TO **MTC CLEARANCE

ular site—at the tip of the inferior angle
of the scapula.

Analysis of results

1251_soluble insulin absorption. Resid-
ual radioactivity at the injection site, ex-
pressed as counts per minute, was ob-
tained as a mean of five 1-min periods of
external monitoring. Count rates for each
time point, corrected for background ac-
tivity, were expressed as a percentage of
the initial count rate at the time of injec-
tion. Residual radioactivity levels were
calculated for 10-min intervals during
the first 2 h of monitoring and subse-
quently for half-hour intervals up to the
end of the 6-h study period. A percent-
age residual radioactivity at the injection
site against time profile was constructed
on a semilogarithmic scale, hereafter re-
ferred to as the residual radioactivity
curve. Residual radioactivity curves were
determined for individual subjects for
each study day. Descriptive analysis of
individual subjects’ residual radioactivity
curves was performed using three-
(model A) and two- (model B) parameter
diffusion, rate-limited biexponential
models:

Model A: R(t) =R(0)(klexp(—k2t)
— kaexp( — kit)/(k) — k)
Model B: R(t) = R(0)(1 + kt)exp( — kt)

where R(t) and R(o) = residual radioac-
tivity at injection site at times t and o

min; k; = rate constants between two
theoretical subcutaneous compartments
(model A); k, and k = rate constants for
absorption of insulin for models A and B,
respectively.

The models were fitted to the ob-
served data by an iterative function of the
method of nonlinear least squares. The
goodness of fit for the mathematical
models to describe each individual sub-
jects’ residual radioactivity curves for
each study day was judged from the
value of R? and from the residual SDs,
calculated from the sum of squared de-
viations between the observed and pre-
dicted data. Thereafter, the absorption of
125soluble insulin was represented by
the rate constants estimated from models
A and B, respectively, and TS50 min
(model A). Numerical estimation of the
lag phase was performed using the T10
and T25 min (model A) and Tmax (min):
Tmax = 1/k, determined from model B).
SCBF. Residual ®*™Tc radioactivity at the
injection site, in counts per minute, was
expressed as a percentage of counts at
the time of injection and plotted against
time on a semilogarithmic scale, hereaf-
ter referred to as the ®*™Tc clearance
curve. The biexponential clearance
curves thus obtained were analyzed us-
ing a standard sum of exponentials
curve-fitting program. Tslow was calcu-
lated from the second part of the curve.
Initial slope was a combination of clear-
ance by the fast and slow exponents.

Therefore, Tfast was calculated by sub-
traction of Tslow from the slope of the
initial part of the curve. Values of Tslow
and Tfast are expressed as half-clearance
times in minutes. The relative contribu-
tion of the slow and fast components of
9mTe clearance was calculated as a
percentage and indicated by %slow and
%fast, %slow was obtained by backex-
trapolation of the slow exponent to the
time of injection and %fast = 100
— %slow. Analysis of the relative per-
centage clearance of each exponent was
limited to the use of %slow.

Pertinent abbreviations for pa-
rameters used in the analysis of '*°I-
soluble insulin absorption and SCBF are
summarized in Table 1.

Statistical methods
To evaluate the relationship between the
rate of absorption of '#’I-soluble insulin
and SCBF, rg analysis was performed be-
tween individual subjects’ parameters
obtained from the descriptive analysis of
the residual radioactivity curves and
Tfast, Tslow, and %slow for **™Tc clear-
ance. The relationship between absorp-
tion of '2°I-soluble insulin and the sub-
jects' anthropometric measurements was
assessed by means of rg analysis, cor-
rected for ties as appropriate, performed
between the parameters obtained from
the mathematical analysis of the residual
radioactivity curves and the following
measurements: BMI; ultrasonic subcuta-
neous adipose tissue thickness at the re-
spective sites of soluble insulin injection;
the sum of the ultrasound adipose tissue
thickness for the abdominal, anterior
midthigh, outer forearm, and subscapu-
lar sites (referred to as total ultrasound
subcutaneous adipose tissue thickness);
skin fold thickness at the sites of soluble
insulin administration; and the sum of
the abdominal, thigh, biceps, triceps,
and subscapular skinfold thickness (re-
ferred to as total skinfold thickness).
The effect on SCBF of the sub-
jects’ anthropometric measurements was
explored by means of r analysis between
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Table 2—The r values for correlation analysis between parameters of '*’I-soluble insulin absorption and SCBF (**™Tc clearance)

MoDEL A MobEL B
K, (MINTY) K, (MINTY) K (ainTh) Tmax (MIN) T10 (MiN) T25 (MIN) T50 (MIN)

99MTC CLEARANCE

TrasT (MIN) —0.295* -0.457t -0.5011 0.504t 0.341% 0.507t 0.522%

TsLow (MIN) —-0.310% —0.459t —0.514t 0.509t 0.357% 0.490t 0.511¢t

%SLow —0.308% —-0.311% —-0.401% 0.403t 0.3961 0.456t 0.4371
*P < 0.05.
P < 0.001.
P < 0.01.

Tfast, Tslow, and %slow for >°™Tc clear-
ance and the anthropometric measure-
ments described above. Results are ex-
pressed as mean * SE, unless otherwise
stated. For illustrative purposes, subjects
were divided into nonobese (BMI <25
kg/m?, range 18.2-24.1 kg/m?, n = 6)
and obese (BMI >27.5 kg/m? range
27.8-41.3 kg/m?, n = 6) (22,23). Com-
parisons within and between the two
groups of subjects were conducted by
means of Wilcoxon signed rank and
Mann-Whitney tests, respectively. Statis-
tical significance was defined as
P < 0.05.

RESULYS — Descriptive analysis of in-
dividual subjects’ residual radioactivity
curves revealed R® values greater than
0.992 for both models. Residual plots
constructed between the observed and
predicted data revealed no systematic de-
viations. R? values and residual SDs re-
vealed no significant differences between
curve-fitting by models A and B.

Relationship between '*’I-soluble
insulin absorption and SCBF

The values of r for the relationship be-
tween parameters of '*’I-soluble insulin
absorption and **™Tc clearance are pre-
sented in Table 2.

Significant negative correlations
were observed for k, and k with Tfast
(P < 0.001). Similarly, significant nega-
tive correlations also were observed for
the rate constants k;, k,, and k with
Tslow (P < 0.01-0.001). Strong nega-

tive associations were observed for ky, k,,
and k with %slow (P < 0.01-0.001).
Highly significant positive correlations
were observed for T50 with Tfast, Tslow,
and %slow (P < 0.001). The rate of
absorption of soluble insulin is, there-
fore, positively correlated with SCBF.
The relationships of k, and k with
Tfast and Tslow are illustrated in
Fig. 1.

Examination of the relationship
between parameters representing the lag
phase and **™Tc clearance revealed sig-
nificant positive correlations for Tmax,
T10, and T25 with Tfast, Tslow and
%slow (P < 0.01-0.001). Therefore, the
duration of the lag phase increased with
declining SCBF. The relationships of T10
and T25, with Tfast and Tslow, are illus-
trated in Fig. 2.
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Figure 1—Relationships for the rate constants k, (model A) and k (model B) for '?°I-soluble insulin
absorption with the half-clearance times Tfast and Tslow of **™Tc clearance.
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Figure 2—Relationships for T10 and T25 for *’I-soluble insulin absorption with the half-clearance

times Tfast and Tslow for **™Tc clearance.

Relationship between '*’I-soluble
insulin absorption and
anthropometric measurements

The values of rs for correlation analysis
between parameters of '*°-soluble insu-
lin absorption and the subjects’ anthro-

pometric measures are summarized in
Table 3.

Mean (range) for the anthropo-
metric measures were: BMI, 27.1 kg/m*
(18.2—-41.3); ultrasound subcutaneous
adipose tissue thickness at the sites of

soluble insulin administration, 7.8 mm
(2.4-22.3); total ultrasound adipose tis-
sue thickness, 29.3 mm (13.3-49.4);
skinfold thickness at the site of soluble
insulin injection, 15.4 mm (4.8-50.0);
and total skinfold thickness, 81.0 mm
(34.6-205.3).

Correlation analysis revealed in-
verse relationships for k;, k,, and k with
BMI (P < 0.01-0.001). A strong positive
correlation was observed between TS50
and BMI (P < 0.001). Significant rela-
tionships were not observed between the
parameters of '2°I-soluble insulin ab-
sorption and ultrasound adipose tissue
thickness at the injection site. However,
highly significant negative correlations
were noted for k,, k,, and k with total
ultrasound adipose tissue thickness
(P < 0.01-0.001). Rate constants k,
and k were inversely correlated with skin
fold thickness at the injection site
(P < 0.001). Similarly, significant nega-
tive correlations were observed for k,
and k with total skin fold thickness
(P < 0.001). TS50 demonstrated a strong
positive correlation with total skin fold
thickness (P < 0.001). The rate of ab-
sorption of soluble insulin declines with
increasing subcutaneous adiposity, in-
cluding skin fold thickness at the injec-
tion site. The relationships for k, and k
with BMI and total skin fold thickness
are illustrated in Fig. 3.

Concerning the numerical pa-

Table 3—The rs values for the relationship between parameters of '*’I-soluble insulin absorption and subjects’ anthropometric

measures

MODEL A MopEL B
Ky K, K Tmax T10 T25 T50
MiN~h (MiNT Y D) (MIN) (MIN) (MIN) (MIN)
BMI (kG/M?) —-0.350* -0.615% —0.6931 0.701t 0.527t 0.681t 0.705%
TOTAL ULTRASOUND ADIPOSE TISSUE THICKNESS (MM) —-0.317* —0.434t —0.543% 0.553t 0.436t 0.5471 0.554t
SKIN FOLD THICKNESS AT INJECTION SITE (MM) —-0.169 —-0.506+ —0.526t -0.528% 0.387+ 0.503t 0.520t
TOTAL SKIN FOLD THICKNESS (MM) -0.270% —-0.512% -0.606%1 0.614t 0.471% 0.618% 0.625t%

*P < 0.01.
tP < 0.001.
¥P < 0.05.
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Figure 3—Relationships for the rate constants k, (model A) and k (model B) for '?*I-soluble insulin
absorption with BMI and total skin fold thickness.

rameters of the lag phase, significant pos-
itive correlations were observed for
Tmax, T10, and T25 with BMI, total
ultrasound adipose tissue thickness, skin
fold thickness at the injection site, and
total skin fold thickness (P < 0.001).
Thus, prolongation of the lag phase was
observed with increasing degree of adi-
posity, including skin fold thickness at
specific injection sites. The relationships
for T10 and T25 with BMI and total skin
fold thickness are illustrated in Fig. 4.

Regional differences in lag phase
and the rate of absorption of
125L_soluble insulin
Parameters representing the rate of ab-
sorption of '*’I-soluble insulin, includ-
ing during the lag phase, for the abdom-
inal, thigh, and arm injection sites for
nonobese and obese subjects are pre-
sented in Table 4.

Comparisons of the rate of ab-
sorption of soluble insulin for the three

injection regions in nonobese subjects
revealed larger rate constants (k, and k)
and shorter T50 for the abdomen than
both the thigh and arm injection sites
(P < 0.05-0.001). These parameters
however, were, similar for the latter two
sites. For the lag phase, shorter T, Tss,
and T, values were noted for the ab-
dominal than the thigh and arm sites
(P < 0.05-0.001), with no significant
differences between the latter two sites.

Absorption of soluble insulin in
the obese subjects was similar for the
abdominal and arm sites. These two sites
demonstrated faster rates of absorption,
with higher rate constants and shorter
T50 than the thigh (P < 0.05-0.001). In
parallel, T10, T25, and Tmax values
were similar for the abdominal and arm
regions but lower for these two sites than
the thigh (P < 0.01-0.001).

To further evaluate the effect of
subjects’ anthropometry on the rate of
absorption of soluble insulin, compari-

Vora and Associates

sons also were conducted between the
nonobese and obese subjects for each
respective site. In keeping with the in-
verse relationship between the rate of
absorption of soluble insulin and the
subjects’ degree of adiposity described
previously, nonobese subjects demon-
strated faster absorption with shorter
lag phases for the abdomen and thigh
injection sites compared with their obese
counterparts (P < 0.01-0.001). Al-
though a higher rate of absorption of
soluble insulin and shorter lag phase also
was observed for the arm site of
nonobese compared with obese subjects
(P < 0.05-0.01), the differences were
less marked than for the other two sites
examined.

Relationship between SCBF and
anthropometric measurements
The values of rs for the relationship be-
tween SCBF and the subjects’ anthro-
pometry are presented in Table 5.
Highly significant positive corre-
lations were observed for Tfast with BMI,
total ultrasound adipose tissue thickness,
and total skin fold thickness (P <
0.001). A positive correlation also was
noted between Tfast and skinfold thick-
ness at the site of insulin injection
(P < 0.01). Tslow also demonstrated a
positive relationship with BMI (P <
0.01). A weaker correlation was observed
for Tslow with total ultrasound adipose
tissue thickness and total skin fold thick-
ness (P < 0.05). Tslow and skin fold
thickness at the injection site were not
related. None of the anthropometric
measures demonstrated significant rela-
tionship with %slow. No significant
correlations were observed between the
parameters of *™Tc clearance and ultra-
sound thickness of adipose tissue at the
injection site.

CONCLUSIONS — The relationship
between the absorption of soluble insulin
and SCBF was investigated in resting
normal subjects, using mathematical
modeling of the entire '?*I-soluble insu-
lin residual radioactivity curve and the
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Figure 4—Relationships for T10 and T25 for '?°I-soluble insulin absorption with BMI and total

skin fold thickness.

clearance of the lipophobic radioisotope
99mTc, respectively. Previous studies
have reported a positive relationship be-
tween the rate of absorption of radiola-
beled soluble insulin, represented by
T50 or fractional clearance rates of the
monoexponential part of the residual ra-
dioactivity curves, and the clearance
from contralateral injection sites of the
lipophilic radioisotope '>*Xe (1-4). Rep-
resentation of the absorption of soluble
insulin by these methods has excluded
specific examination of the characteristic
initial phase of slow relative rate of ab-
sorption of soluble insulin (the lag
phase) and its relationship with SCBF.
The three- and two-parameter diffusion
rate-limited biexponential functions of
models A and B provided appropriate
descriptive analyses of the residual ra-
dioactivity curves, in accordance with
previous modeling of similar curves and

plasma insulin profiles after subcuta-
neous soluble insulin administration (6,
24-27). Therefore, parameters that
characterize individual subjects’ residual
radioactivity curves, including the lag
phase, could be estimated from the mod-
els used.

Measurement of SCBF, in rela-
tionship to the absorption of soluble in-
sulin, has been performed by the clear-
ance of '*>Xe (1-4). The lipophilic
properties of this radioisotope result in
slow clearance from the subcutaneous
adipose tissue and allow diffusion into
arterioles, venules, and arteriovenous
anastomoses, thereby measuring a com-
ponent of total blood flow in addition to
flow through nutritive capillaries (28,
29). Interpretation of the '**Xe clearance
requires knowledge of the tracers’ tissue:
blood partition coefficient for that partic-
ular injection site (30). Earlier estimates

of the coefficient, obtained in vitro or in
experimental animals, were grossly inac-
curate when applied to human subcuta-
neous adipose tissue (31). The partition
coefficient also varies between lean and
obese subjects and for different sites
within an individual (31). Further uncer-
tainties regarding '>*Xe clearance are in-
troduced by the subjects’ hematocrit and
the prevailing nutritional and neuro-
humoral status (28,32-34). These prop-
erties of '>>Xe compromise its use in
comparison with human subcutaneous
adipose tissue blood flow within and be -
tween subjects, and its use should ideally
be reserved for fat-free areas (35). The
hydrophilic properties of **™Tc over-
come the uncertainties relating to lipo-
philic tracers, allowing for rapid clear-
ances through nutritive capillaries and
not larger vessels (36), thus assessing
blood flow at the putative site of insulin
absorption.

This study confirms the presence
of a positive relationship between the
rate of absorption of soluble insulin from
the abdomen, thigh, and arm injection
sites and SCBF, determined simulta-
neously within the same region. There-
fore, significant correlations were ob--
served for the rate constants representing
soluble insulin absorption (k, [model A]
and k [model B]), and T50 with Tfast,
Tslow, and %slow for °*™Tc clearance.
Surprisingly, no data exist on the rela-
tionship between the lag phase of soluble
insulin absorption and SCBF. Of greater
significance, therefore, this study reveals
a negative relationship between the lag
phase and SCBF. Therefore, Tmax, T10,
and T25 demonstrate positive correla-
tions with Tfast, Tslow and %slow for
99mTe clearance.

Current evidence suggests thar
after subcutaneous administration of sol -
uble insulin, the injected depot under-
goes substantial dilution and removal of
zinc from its predominant configuration
of a two-zinc-hexameric unit (37-39).
Thereafter, the hexameric insulin disso-
ciates, diffuses to the capillaries, and is
absorbed in a predominantly dimeric or
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Table 4—Rates of absorption of '*’I-soluble insulin and parameters of the lag phase for
the abdominal, thigh, and arm injection sites for nonobese and obese normal subjects

MobEL A MopEL B
K, Ky K Tmax T10 125 T50
(in~h N~ MY (MIN) (MIN) (MIN) (MIN)
NONOBESE
ABDOMEN 0.018 0.010 0.011 98 29 72 145
(0.002) (0.001) (0.001) ® 3) @) (13)
THIGH 0.009 0.008 0.008 130 53 117 211
(0.00D) (0.001) (0.00D) ay ©) 10 (18
ARM 0.010 0.009 0.009 113 44 99 181
(0.001) (0.001) (0.001) N ) @) an
OBESE
ABUOMEN 0.011 0.006 0.007 160 62 140 253
(0.002) (0.001) (0.001) 12 ()] 13) 16)
THIGH 0.010 0.004 0.006 190 80 170 319
(0.00D (0.001) (0.00D) an 10 Qo 21D
ArM 0.007 0.007 0.007 140 53 122 223
o _(0:09 1)__ _ E);OO 1) (O.Q(E) @) ®) ) _(Z)_ (12)

Values in parentheses are SE.

monomeric form (5,38—41). Dilution of
the injected depot and dissociation of the
hexameric insulin unit would account
for the initial delay in the absorption of
soluble insulin. Such a delay would,
therefore, not be anticipated with mono-
meric insulin analogues, as has been
demonstrated (42). Our results indicate
an inverse relationship between the du-
ration of the lag phase and SCBF, al-
though the rate of absorption of soluble
insulin during this period should be pre-
dominantly limited by the physical pro-
cesses thought to occur. However, the
rate of linear diffusion is proportional to
the concentration grachent. Alteration of
this gradient, by increasing blood flow,
would increase the rate of dilution of the
injected depot and thereby enhance the
dissociation of the two-zinc-hexamer of

Conflicting results have been re-
ported for the influence on the rate of
absorption of soluble insulin of the sub-
jects’ anthropometry. The absorption of
radiolabeled soluble insulin was not af-
fected by the ultrasound thickness of
subcutaneous adipose tissue at the injec-
tion site (46), but declined with increas-
ing sum of skinfold thickness measured
at three sites (47). In IDDM patients, a
positive correlation was observed be-
tween the size of the subcutaneous depot
during basal rate continuous subcutane-

Vora and Associates

ous insulin infusion and skinfold thick-
ness at the infusion site (48). Our results
demonstrate a clear inverse relationship
between the rate of absorption of soluble
insulin and the subjects’ degree of adi-
posity. Anthropometric measurements
used provide reliable indicators of body
fat mass, and correlate closely with esti-
mates obtained by complex techniques
of body densitometry and total body
water and potassium determinations
(49-51). Thus, the rate constants repre-
senting soluble insulin absorption dem-
onstrated significant negative correla-
tions not only with indicators of body fat
mass, such as the BMI and total skinfold
thickness, but also skinfold thickness at
the specific injection sites. Concerning
the lag phase, Tmax, T10, and T25 dem-
onstrated significant positive correlations
with BMI, total ultrasound adipose thick-
ness, and total and skin fold thickness at
the injection site. Increasing adiposity
and skin fold thickness at injection sites
thus result in lengthening of the lag
phase.

The relationship between the rate
of absorption of soluble insulin and the
subjects’ anthropometry may, in part, be
explained by the previously described
negative correlation between anterior ab-
dominal wall adipose tissue blood flow
and the subjects’ adiposity (30,34). A
similar inverse relationship between
SCBF for the abdominal, thigh, and arm
injection sites and the subjects’ degree of
adiposity were observed in this study.

Table 5--The rs values for corvelation analysis between SCBF (**"Tc clearance) and

subjects anthvopometric measures

99MTC CLEARANCE

insulin. Predominance of the physical TrAST TsLow %SLow
processes occurring during the lag phase BMI (eo/vd) 0.618* 03001 0.171
15 empk};%lzeddby 0}r111y mode%st};a nhanf:e- TOTAL ULTRASOUND THICKNESS (MM) 0.501* 0.271% 0.091
ment observe m the rate o abSOTpUON g\ koLp THICKNESS AT INJECTION SITE (MM) 0.338t% 0.155 0.097
of soluble insulin when administered af- o7 gan Forn THICKNESS (1) 0.561* 0.278% 0.169
ter admixture with potent vasodilators, '\, 2 a1

such as aprotinin (43), prostaglandin E;  +p < 0.01.

(44), and phenoxybenzamine (45). P < 0.05.
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The inverse relationship between SCBF
and the subjects’ degree of adiposity may
result from an increase in adipocyte size
with increasing adiposity, which in tum
leads to a reduction in SCBF and capil-
lary density (33,52).

Our data corroborates the previ-
ously reported faster absorption of solu-
ble insulin from abdominal sites com-
pared with other regions (5,9,10,43). Of
greater clinical significance in terms of
control of postprandial hyperglycemia,
the shortest lag phase was observed fol-
lowing abdominal injection for both
nonobese and obese subjects. Estimation
of the lag phase, particularly to Tmax,
indicates the subcutaneous tissue of the
abdominal wall as the preferred site for
administration of soluble insulin. How-
ever, the Tmax values for even this site
emphasize the currently recommended
practice of injection of soluble insulin
30-45 min before meal ingestion (16,
17). Furthermore, the lag-phase param-
eters for the thigh and arm sites highlight
the inadequacy of these sites for delivery
of preprandial boluses of soluble insulin.
Numerical estimation of the lag-phase
parameters demonstrates the limitations
of currently available soluble insulin
preparations in controlling postprandial
glycemic excursions. This goal may be
better attained in the near future with
rapid insulin delivery following subcuta-
neous administration of novel insulin an-
alogues (38,39,42).

This study demonstrates a posi-
tive relationship between the absorption
of soluble insulin and SCBF. The rate of
absorption of soluble insulin rises, with a
lag phase of shorter duration, as SCBF
increases. Increasing BMI and subcuta-
neous adiposity result in a reduction of
SCBF and the rate of absorption of solu-
ble insulin, with prolongation of the lag
phase. The shortest duration lag phase is
observed following abdominal injection
of soluble insulin.
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