Sweet Success With Diabetes

The development of insulin therapy and
glycemic control for pregnancy

Joun L. KiTzmiLLER, MD

arking a decade of use of human
M insulin to treat diabetes mellitus

provides a welcome opportunity
to review the development of insulin
therapy for glycemic control in preg-
nancy. Since the time of the pioneers of
medical care for pregnant diabetic
women, gratifying progress has occurred
in the prevention of serious maternal and
fetal complications. After World War I1,
special diabetes and pregnancy treatment
centers focused on generalized methods
of reducing the tragically high levels of
perinatal mortality. In the 1960s and
1970s, advances in understanding fetal
physiology led to new methods of fetal
diagnosis and surveillance. Coupled with
established diabetes treatment regimens,
application of perinatology techniques
reduced perinatal mortality to near nor-
mal, and the focus shifted to the many
forms of perinatal morbidity associated
with matemal hyperglycemia and altered
fuel balance. In the 1980s, the crucial
technological advance of self-monitoring
of blood glucose allowed many diabetic
women to achieve near-normoglycemia

as outpatients, and investigators demon-
strated that tight glycemic control could
prevent excess rates of fetal macrosomia
and birth trauma, congenital malforma-
tions, and neonatal respiratory distress
syndrome. Indeed, compared with the
grim outlook a few decades ago, diabetic
women participating in intensive, guided
self-management programs usually can
anticipate the delivery of completely
healthy infants.

One objective in writing this his-
torical review is to emphasize the key
principles of diabetes care for pregnancy,
which continue to guide our daily work
and which must be taught to our stu-~
dents. Another is to discuss unsolved
pregnancy problems, which future inves-
tigations of management of diabetes and
pregnancy will need to address.

Dietary therapy is the keystone of
diabetes management. Space does not al-
low a detailed analysis of dietary therapy
for pregnancy, but an excellent review of
the subject has been provided by Ney
and Hollingsworth (1).

From the Department of Obstetrics, University of California School of Medicine, San Francisco,
and Health Dimensions Hospitals of Santa Clara Valley, San Jose, California.

Address correspondence and reprint requests to John L. Kitzmiller, MD, The Good Samar-
itan Hospital, 2425 Samaritan Drive, San Jose, CA 95124,

PNM, perinatal mortality; SMBG, self-monitoring of blood glucose; PPBG, postprandial
blood glucose; KTA, ketoacidosis; BG, blood glucose; RDS, respiratory distress syndrome; type
1 diabetes, insulin-dependent diabetes mellitus; type 11 diabetes, non-insulin-dependent dia-
betes mellitus; FBG, fasting blood glucose; MBG, mean blood glucose; LGA, large for gesta-
tional age; FFA, free fatty acid; B-HB, B- hydroxybutyrate; MAGE, mean amplitude of glycemic
excursion; CSI1, continuous subcutaneous insulin infusion.

PIONEERING EFFORTS AT
CENTRALIZED MANAGEMENT OF
DIABETES AND PREGNANCY —-
Elliott Joslin's clinic in Boston has been a
center of excellence for treatment of di-
abetic people, even before the advent of
insulin in 1922. Priscilla White, a physi-
cian at the Joslin Clinic, was devoted to
the care of children and women with
diabetes of juvenile onset, which gave
her the opportunity to personally follow
a very large number of pregnancies. By
1949, she had reported 439 consecutive
cases with infants >1,000 g and had
analyzed the causes of fetal wastage
(spontaneous abortion 25%, PNM 189%)
(2,3). Of these infants, 80% were larger
than average with increased fat and vis-
ceromegaly (2). Stillbirth (43% of losses)
and neonatal death (57%) were most
common in the group with evidence of
renal disease or hypertensive disorders
(nearly half of the total population). Be-
cause vascular disease seemed inevitable
if duration of diabetes exceeded 15 yr
(2), PNM was higher in pregnant women
with earlier onset of diabetes (3). Two-
thirds of stillbirths occurred at 36-40
wk gestation, which led to White's insis-
tence on planned preterm delivery “be-
fore the dreaded late intrauterine acci-
dent occurred,” even though she
recognized that maturation to “viability”
occurred later than normal in pregnan-
cies complicated by diabetes (3). Of
course, this policy of preterm delivery to
circumvent stillbirth resulted in an ex-
traordinary cesarean section frequency of
near 80% and in neonatal deaths from
hyaline membrane disease.

Dr. White gave first priority to
“good treatment of diabetes” (3). Patients
were seen weekly by both obstetrician
and physician. They were taught to
weigh amounts of food, using a diet plan
of 30 kcal’/kg body weight, distributed
over 3 meals and 3 snacks. Enough in-
sulin was given to prevent glycosuria and
“ketosis,” with a basic dose of long-
acting insulin before breakfast, supple-
mented by 3-4 doses of short-acting
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Sweet success with diabetes

Regular insulin before meals and the
evening snack. By the third trimester, the
average 2-h PPBG was ~8.3 mM (150
mg/dD) (4). This close attention to the
details of diabetc management yielded
low frequencies of diabetic ketoacidosis
in 2% of pregnancies (6 of 8 feruses died
during the episode), and hypoglycemic
coma occurred in 1% (no fetal deaths)
3.

White noted that the majority of
pregnant diabetic women had an “imbal-
ance of female sex hormones” (2,3). To-
day, we recognize that the elevated hu-
man chorionic gonadotropin at 23-35
wk was probably attributable to fetal-
placental macrosomia, and that low uri-
nary estrogen and progesterone were re-
lated to utero-placental vascular
insufficiency. In 52 diabetic women with
“normal hormone balance,” there were
no preterm deliveries, only 2% pre-
eclampsia, and 96% perinatal survival,
compared with figures of 40, 50, and
60%, respectively, in 38 women with
abnormal hormone measurements (2).
Therefore, she used the controversial sex
hormone replacement therapy with daily
injections of stilbestrol and progesterone
(by partner at home), along with diuret-
ics for edema and hydramnios. She
claimed that this regimen was most ef-
fective in women with vascular disease,
and that it lowered overall PNM to 10%
(5), which was the best in the world at
that time, and reduced preeclampsia
from 26 to 16% (3,4). Others com-
mented that the improvements were
more likely related to meticulous dia-
betic management throughout preg-
nancy (6,7) and to early hospitalization
by 34 wk gestation (5). Hurwitz (8)
pointed out the lack of a proper control
group for hormone therapy, because
women who registered too late to receive
it were likely to be “careless about their
diabetes.” In England, a multicenter con-
trolled trial of oral stilbestrol was con-
ducted by the Medical Research Council
(9), but this study was flawed by the
exclusion of diabetic women with vascu-
lar disease, “the lack of individual and

constant care and attention” (4), and the
high PNM in both treated (30%) and
untreated (32%) groups (9). White
raised a still unanswered question: Could
estrogens protect uterine arteries as they
do coronary arteries? (4). Subsequent ex-
periments demonstrated that estrogen
administration increases uterine blood
flow in pregnant animals, which might
have had something to do with White's
impressive results. Of course, the ther-
apy also had serious delayed effects on
the reproductive tracts of female off-
spring.

In the 1950s, other American re-
portts confirmed White’s observations on
the natural history of diabetes complicat-
ing pregnancy, as the workers applied

her principles of diabetes management in
a teaching hospital environment without
the use of hormone therapy (8-11). Pre-
eclampsia (or latent diabetic nephropa-
thy) was commonly observed (29-43%)
(8,11). PNM varied from 14-30% (Ta-
ble 1) and was often associated with KTA
or preeclampsia before 35 wk, whereas
the risk of unexplained fetal death rose as
term approached. Long et al. (10) at
Johns Hopkins believed that “a mild to
moderate degree of maternal acidosis
contributes significantly to late fetal
death in utero”. They and others
sounded modern themes when they ob-
served that 1) major congenital anoma-
lies were more frequent in infants of di-
abetic mothers (10,11), 2) excellent

Table 1—PNM in large, nonselected series of pregnant women with pregestational

diabetes
Author Date  Pregnancies Years PNM(%)
Pioneering efforts with centralized
management
White 1945 181 1936-1944 16.0
Peel; Oakley 1949 141 1942-1942 17.0
Jones 1953 184 1927-1951 29.6
Nelson; White 1953 128 19501952 9.6
Long; Eastman 1954 118 19421952 18.0
Pedersen 1956 265 1946-1955 219
Pedersen 1965 306 1959-1963 17.9
Oakley 1969 425 1958-1968 10.1
Pedersen 1974 255 1966-1969 12.9
Drury 1977 600 1951-1976 9.5
Impact of antepartum fetal surveillance
and neonatal care
Pedersen 1974 231 1970-1972 7.4
Persson 1975 170 1966-1973 4.7
Gabbe 1977 260 1971-1975 4.6
Kitzmiller 1978 137 1975-1976 5.8*
Jervell 1979 222 1970-1977 4.1
Roversi 1979 199 1963-1975 4.0
Schneider 1980 108 1973-1978 28
Tevaarwerk 1981 110 1972-1980 09
SMBG
Jovanovic 1981 52 unknown 0
Langer 1988 103 1986-1987 0
Mimouni 1988 162 1978-1986 1.9
Cousins, CDAPP 1991 374 1986-1988 2.4

Before 1975, PNM excluded infants <1,000 g and >10 days after birth. See text for comments regarding

series.

*Includes 3 cases of anencephaly aborted at 20-22 wk gestation.
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diabetic control was needed to carry the
pregnancy safely to term, 3) lack of dia-
betic control led to frequent ketonuria
(one goal of therapy was to keep the
premeal urine free of ketones [8,10]),
and 4) they needed a method for esti-
mating fetal size in utero and a yardstick
for measuring fetal maturity (9).

In Europe, the pioneers of diabe-
tes and pregnancy management included
Oakley and Peel in London (12,13),
Drury in Dublin (14), and Jorgen Ped-
ersen in Copenhagen (15). They gener-
ally used lower calorie diets than the
Americans (1,600-1,900 kecal), watched
weight gain closely (14), and champi-
oned the split mix regimen of insulin
therapy, which was a mixture of Regular
and intermediate insulin administered
before breakfast and supper with doses
based on BG responses rather than urine
glucose measurements, because of the
variability of the latter in pregnancy. The
goal of glycemic control was premeal
BG <89 mM (160 mg/dl) at King's
College Hospital in London (12,13) and
2-h PPBG <7.2-7.8 mM (130-140
mg/dl) in Copenhagen and Dublin (14,
15). The value of pre- vs. postmeal BG
surveillance still has not been tested in a
prospective comparative trial. Oakley
and Pedersen (12,15) emphasized the
importance of hospitalization at 32 wk
gestation for strict diabetic control and
believed this explained their success
in dropping PNM from 20-30% to
11-13% by the end of the 1960s. Drury
(14) hospitalized only those patients
with complications before 38 wk, and
the overall perinatal survival was
90.5%.

Pedersen, like White, maintained
detailed records on a very large number
of diabetic women he personally cared
for during pregnancy. In 1952, he re-
ported on the course of diabetes during
the different stages of gestation (16). He
observed an average reduction in insulin
dosage of 33% in the first trimester (at-
tributable to hypoglycemic reactions),
followed by a 75% increase in insulin
requirements after 20 wk to maintain

Kitzmiller

Table 2—Glycemic control in the third trimester and PNM

Level of glycemic control (premeal BG)

Good Fair Poor

Harley, 1965

BG range (mM, [mg/dl]) <8.3 (150) 8.4-11.1 (151-200) >11.1 (200)

PNM (%) 7.6 21 37.5
Delaney, 1970

BG range (mM, [mg/dl]) >11.1 200

PNM (%) 10.6 33.6
Karlsson, 1972

BG range (mM, (mg/dI]) <5.6 (100) 5.6-8.3 (100-150) >8.3 (150)

PNM (%) 38 16 24

mean 2-h PPBG <7.2 mM (130 mg/dD.
In this early study, insulin coma oc-
curred in 14% of pregnancies, usually in
the first trimester, but was not associated
with fetal death. On the other hand, KTA
(16% of pregnancies) had its maximum
frequency at 24-30 wk gestation and
had a fetal mortality of 30%. At this early
date he stated that coma and acidosis
could be prevented by adequate supervi-
sion. He drew attention to the causes of
the increased tendency to ketonemia in
pregnancy: “loss of glucose in the urine
due to reduced threshold, loss of glucose
to the fetus, occasionally a too low ca-
loric intake, and presumably increased
burning of fat” (16).

Pedersen continued to make key
contributions to our understanding of di-
abetes and pregnancy. The importance of
good diabetic control and adequate an-
tenatal supervision with a combined in-
ternist-obstetrician approach was illus-
trated by his observation of threefold
higher PNM with only short-term treat-
ment (<53 days before calculated term)
or no centralized, organized care (17,
18a), a finding repeated by Zorowitz
(18b), Farquhar (19), Peel (13,20), and
Essex (21). In 1965, Pedersen reported a
strikingly low PNM (6.9%) in 176 preg-
nancies without the prognostically bad
signs of KTA, preeclampsia, pyelonephri-
tis, or a neglect of prenatal care, com-
pared with a loss rate of 31.5% when one

of these signs was present in 130 preg-
nancies (22,23). Certainly his most fa-
mous contribution was his postulate of
the relation of maternal BG levels and
increased fetal insulin to the increased
weight and length at birth of most infants
of diabetic mothers (24). He summarized
this hypothesis in the 1977 edition of his
classic book on diabetes and pregnancy:
“The key to many problems is the fact
that the fetal homeostasis has been dis-
turbed and reset due to maternal hyper-
glycemia and the ensuing fetal hyperin-
sulinism. One consequence is the finding
that, as a group, they are at the same time
‘heavy for dates’ and ‘premature for
dates’ " (15).

Although all writers before 1965
had stressed the importance of strict di-
abetes control in reducing perinatal loss,
no one had related specific BG levels to
tisk of PNM. Studying patients in the 3rd
trimester, Harley and Montgomery in
Belfast (25), Delaney and Ptacek in lowa
City (26), and Karlsson and Kjellmer in
Gothenburg (27) reported a gradation of
PNM according to levels of glycemic con-
trol (Table 2). The "K and K paper” was
especially important in stmulating at-
tempts at tight glycemic control in the
U.S., because the normoglycemic group
of patients also had significantly less
neonatal RDS, jaundice, and congenital
anomalies (27).
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IMPACT OF ANTEPARTUM FETAL
SURVEILLANCE AND INTENSIVE
NEONATAL CARE — In the late 1960s
and early 1970s, biochemical monitoring
of fetal-placental function with estriol
and human placental lactogen measure-
ments was first applied to pregnancies
complicated by diabetes, followed by the
biophysical techniques of electronic fetal
heart rate monitoring and profiling fetal
movements and amniotic fluid volume
with real-time ultrasound. These tech-
niques for surveying risk of fetal as-
phyxia and death were coupled with pre-
delivery amniotic fluid assays to predict
risk of RDS, and all were used to help
plan timing of delivery. In this era, the
period of fetal viability was extended
back to 24 wk gestation in calculating
PNM, a result of the striking improve-
ments in care of the premature newhom
infant.

Although the new methods were
never rigorously tested in strictly con-
trolled clinical trials, investigators such
as Persson and Lunell in Stockholm
(28,29), Beard and Brudenell in London
(30,31), Gabbe in Los Angeles (32),
Kitzmiller in Boston (33), Roversi in Mi-
lan (34), and Tevaarwerk in Ontario (35)
reported dramatic reductions in rates of
stillbirth in large series of diabetic
women hospitalized near the end of
pregnancy (Table 1). Overall, PNM de-
clined to 1-5% despite the lack of rigid
glycemic control in many subjects, a
point made by many other authors at the
time (36-42). The developing confi-
dence in fetal surveillance allowed inves-
tigators to achieve good results with
weekly outpatient management until
shortly before delivery (43-46).

With improvements in perinatol-
ogy and neonatology in the 1970s, the
leading causes of mortality in infants of
diabetic mothers became congenital
anornalies, severe fetal growth delay with
diabetic vascular disease, and preterm
birth at <28 wk gestation (33,47,48).
The decline in stillbirths and neonatal
deaths meant that perinatal morbidity

became the end point for evaluating
changes in diabetic management (23,
32,33).

INTENSIFIED INSULIN
THERAPY — With the aim of reducing
pregnancy morbidity, Lewis (49), Rov-
ersi (34), and Coustan (50) reported de-
tailed analyses of the glycemic and peri-
natal effects of intensified conventional
insulin regimens. Lewis determined the
diumal pattemn of BG and insulin levels
before and after standardized meals in
normal pregnant women, then chose
combinations of NPH and Regular insu-
lin 30 min before meals to simulate the
normal responses: the morning total
dose (NPH:Regular, 2:1) was approxi-
mately twice that given in the evening
(NPH:Regular, 1:1) (49). From this start-
ing point, he stressed the need to indi-
vidualize the regimen. Some type I pa-
tients required Regular insulin before
lunch, others needed the evening NPH at
bedtime to prevent nocturnal hypoglyce-
mia, and a single injection sufficed in
some women with diabetes of short du-
ration and endogenous insulin secretion.
A schedule of insulin dose adjustments
by 20% increments was followed at
weekly outpatient visits (49). Using these
regimens, 7 diabetic women had normal
glucose profiles (4.3 mM [78 mg/dl] pre-
meal, 6.7 mM [120 mg/dl] peak post-
breakfast at 1 h, and 5.6-6.1 mM [100-
110 mg/dl] after other meals) when
hospitalized in the third trimester (51).
Gillmer (52) and Persson and Lunell (53)
also compared glycemic profiles of nor-
mal pregnant control and diabetic
women using standard diets and split
mix insulin regimens, but noted the lat-
ter had higher BG 1 h after breakfast (9.7
mM, 178 mg/dl) and lower BG at 0200-
0400 (2.5 mM, 45 mg/dD.

Coustan applied the Lewis split
mix regimen in 73 diabetic women to
determine if tight metabolic control (a set
of 3 daily BGs measured weekly) would
prevent fetal jeopardy and allow preg-

nancies to go full term (50). Insulin re-
quirements increased 148-253% in
class F to B patients (the biggest increase
was for type Il diabetic women), and
average peak pregnancy doses >120
U/day achieved an average FBG cf 5.4
mM (98 mg/dl), 2-h postbreakfast of 6.6
mM (119 mg/dl), and presupper of 5.9
mM (106 mg/dl) for the third trimester.
MBG was normalized in 77% of the
treated subjects, and 42% never required
antepartum hospitalization. This level of
glycemic control resulted in only 1.4%
antepartum fetal distress, 4% PNM (2
malformations, 1 birth trauma), and
11% fetal macrosomia (50).

Roversi administered regular in-
sulin before each meal in maximal toler-
ated doses (reduced 5 U from level pro-
ducing perspiration) to 199 overt
diabetic women (34). Patients selected
their own eating plan with the aid of a
dietitian, and the average caloric content
was 1,900 kcal/day. With insulin given to
tolerance, the frequency of hospitaliza-
tion for maternal hypoglycemia was
9.5%, but 90% of the women went into
spontaneous labor at term, and only
8.5% of infants were LGA (>90th per-
centile birth weight for gestational age)
(34). Of the 8 perinatal losses (4.5%), 6
were associated with severe diabetic vas-
cular disease and 2 with CNS anomalies.

Other authors used split mix in-
sulin therapy, measuring BG at weekly
outpatient visits until hospital admission
at 32-36 wk gestation (33,39,41,54-
56), and reported fetal macrosomia rates
of 24-42%. With hindsight we can say
that daily BG measurements and dietary-
insulin adjustments came too late in ges-
tation, because ultrasound studies dem-
onstrate fetal macrosomia by 28 wk in
pregnancies complicated by diabetes
(57—59). Another factor could have been
the use of premeal BG testing as the end
point of diabetes management
(27,35,36,39,56,57), because peak post-
prandial glycemic excursions were not
accounted for.
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Figure 1—Model of fetal development in pregnancies with insufficient maternal insulin secretion or
action. Adapted from Freinkel and Metzger (62) and Milner (64).

MIXED FUEL RESPONSES TO
INSULIN AND FETAL
MACROSOMIA — Pedersen’s hy-
pothesis to explain fetal macrosomia is
the causal chain of maternal hyperglyce-
mia to fetal hyperglycemia to fetal hyper-
insulinemia equals growth and fat depo-
sition (15). This implies that tight
glycemic control should prevent the high
frequency of LGA babies with their ac-
companying risks of shoulder dystocia
and birth trauma. The observation that
diabetic women with normal glycohe-
moglobin levels (an insensitive measure
of normoglycemia) still delivered mac-
rosomic infants raised questions whether
Pedersen's hypothesis was sufficient to
explain macrosomia in infants of diabetic
mothers (55,60,61). Freinkel and
Metzger (62,63), Milner (64), Kalkhoff
(65), Thomas (66), and others expanded
the concept to include the possibility
that other fuel alterations related to in-
sufficient maternal insulin action could
contribute to fetal macrosomia (Fig. 1),
in addition to the well-known influences
of maternal obesity and weight gain. This
leads us to consider data on insulin ac-
tion and metabolic profiles in pregnan-
cies complicated by diabetes.

Several investigators determined
that the kinetics of injected insulin in
blood is not affected by pregnancy (67~
69), despite the presence of insulin-

binding receptors and degrading en-
zymes in the placenta. Yet, the glucose
disappearance rate after insulin injection
is slowed in diabetic women in preg-
nancy compared with the nonpregnant
state (69,70), despite fetal-placental uti-
lization of glucose, suggesting gestational
insulin resistance of glucose uptake by
muscle and perhaps adipose tissue. This
is thought to be arttributable to post-
receptor influences of placental hor-
mones (human placental lactogen, pro-
gesterone, increased free cortisol
secondary to estrogen-induced reduc-
tions in cortisol clearance) (71). I am not
aware of studies of glucose transporters
or of transcapillary-interstitial fluid insu-
lin kinetics as determinants of insulin
resistance in pregnancies complicated by
diabetes (72). At any rate, the insulin
resistance of pregnancy must be respon-
sible for the widely observed progressive
increase in insulin doses (range of 20—
150%) required to maintain glycemic
control after 14-20 wk gestation
(2,3,16,29). Insulin requirements
throughout pregnancy were systemati-
cally studied by Langer (73), who com-
pared previously poorly controlied type I
and II diabetic patients after initial ad-
justment of prepregnancy doses to
achieve stability of ambulatory glycemia.
In 63 type 1 diabetic patients, average
insulin requirements rose from 0.86

Kitzmiller

U/kg before 24 wk to 1.19 U/kg at term
(10% increase in second trimester, 25%
more in third trimester) compared with
dosage increases from 0.86 U/kg before
20 wk to 1.62 U/kg at term in 40 mostly
overweight type Il diabetic patients (37%
increase in second trimester, 37% more
in third trimester) (73).

An important point made in di-
urnal studies of insulin administration in
pregnancy is that hyperinsulinemia is
produced by clinical methods of insulin
treatment of diabetic women (49,74).
Postprandial peak blood levels from pre-
meal injections may be similar to post-
prandial peaks of endogenous insulin in
normal pregnant control subjects, but
premeal plasma insulin levels may be
2-5 times normal in the diabetic
women. There has been little investiga-
tion of the effects of this iatrogenic hy-
perinsulinemia on placental physiology,
blood vessels, or the tendencies toward
hypertension in pregnant diabetic
women.

Stangenberg et al. (70) measured
metabolic responses to intravenous in-
jected insulin (0.1 U/kg) in 9 well-
controlled diabetic women (4 without
residual C-peptide secretion) at 34--36
wk gestation compared with 1 yr post-
partum. Insulin produced an ~50% fall
in glucose and a 20% rise in plasma
lactate over 30 min (both responses were
greater in the nonpregnant state), a 35%
fall in FFA without change in glycerol
and a 46% decline in B-HB. The insulin-
induced lipid changes were similar dur-
ing and after pregnancy; amino acid lev-
els were unaffected by insulin during
pregnancy; and leucine, isoleucine, and
tyrosine decreased significantly in the
nonpregnant state. The authors inter-
preted their findings to mean that 1)
high doses of insulin required for nor-
moglycemia lead to suppressed lipid mo-
bilization, 2) pregnancy does not change
insulin-induced hepatic uptake of FFA
and insulin-reduced output of B-HB in
diabetic women, and 3) there is de-
creased sensitivity to insulin restraint on
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net skeletal-muscle release of amino ac-
ids during gestation (70).

Another approach is to measure
diumnal changes in amino acids and lip-
ids during standardized dietary and in-
sulin therapy of diabetic women at dif-
ferent stages of pregnancy. In moderately
well-controlled lean diabetic women,
Kalkhoff (75) found higher premeal total
plasma amino acids and six individual
amino acids compared with control sub-
jects, but branched chain amino acids
did not differ. Of the amino acids, serine
had the strongest correlation with infant
birth weight. Gillmer (76) observed that
mean diurnal FFA concentration was
~34% lower in 11 insulin-treated dia-
betic women with mean diurnal BG of
6.0 mM (108 mg/dD than in pregnant
control subjects.

Persson and Lunell (53) con-
ducted three related metabolic studies in
diabetic women in the third trimester.
Weekly fasting FFA and B-HB (0.24-
0.33 mM) were significantly higher in 21
diabetic women with MBG of ~6.5 mM
(117 mg/dD) than in control subjects, but
there was no correlation of MBG levels
with FFA and B-HB. They considered the
lack of an inverse correlation between
FBG and fasting FFA, “an expression of
the complex and dissociated action of
exogenous insulin on lipid and carbohy-
drate metabolism.” They also measured
short-term changes throughout the day
in 7 type 1 diabetic patients in the third
trimester on their usual insulin doses and
a 1,600 kcal diet. The average glucose
profile ranged from 3.7 t0 6.7 mM (66—
120 mg/dD) premeal and 7.8-10 mM
(140-180 mg/dD) postprandial. MBG
was 6.9 £ 2.1 mM (125 * 38 mg/d]) in
type 1 compared with 5.8 = 1.1 mM
(105 % 19 mg/dl) in 5 nondiabetic preg-
nant control subjects; MAGE 5.3 mM
(95 mg/dl) vs. 2.5 mM (45 mg/dl). With
this level of glycemic control, fasting and
diurnal FFA and glycerol did not differ in
diabetic patients and control subjects,
but fasting B-HB was higher in type 1
diabetic patients (0.29 vs. 0.12 mM). In-
terestingly, diurnal B-HB declined by

Table 3—BG, FFA, and PB-HB in third trimester type | diabetes with and without

ketonuria

With ketonuria Without ketonuria P value
n 27 24 0
FBG (mM) 5603 41+02 <0.01
MBG* (mM) 72 +£03 6.7+0.2 NS
Fasting FFA (mM) 0.60 = 0.03 0.55 £ 0.03 NS
Easting B-HB (mM) 0.26 = 0.02 0.13 £0.02 <0.001

Data from Persson, 1975 (29).
*Mean of 5 pre- and postmeal values.

~10 mM in the insulin-treated diabetic
women, but rose before lunch and sup-
per in diet-treated gestational diabetic
women (53). Fasting B-HB levels were
somewhat higher (0.6 mM) in the second
trimester, especially in diabetic women
without residual C-peptide secretion
(77). In the third phase of the study, BG
(29), FFA, and B-HB levels in 24 overtly
diabetic women without ketonuria were
compared with 27 patients with ketonu-
ria (>25% of samples) (Table 3). Pers-
son (29) concluded that “the presence of
ketonuria seems to be a sensitive index of
the degree of control.”

Studying responses to a standard-
ized meal in 15 tightly regulated preg-
nant type I diabetic women in the second
and third trimesters, Reece et al. (74)
reported that fasting and postprandial
plasma branched chain amino acids, ala-
nine, and FFA were similar to levels in
nondiabetic pregnant control subjects.
Fasting cholesterol and triglycerides in-
creased to the same extent during preg-
nancy in women in both groups. Mean
third trimester fasting blood ketones
were 0.07 = 0.05 mM in control sub-
jectsand 0.17 = 0.23 mM in the diabetic
women, but the differences were not sig-
nificant, perhaps because of the small
sample size. Reece et al. (74) concluded
that normalization of circulating amino
acids and lipids is possible in conjunc-
tion with correction of hyperglycemia in
intensively treated diabetic women.

Despite the widely recognized
progressive increase in insulin require-
ments during pregnancy, several investi-

gators have observed that the amplitude
of glycemic excursions (78) seems to be-
come less in the third trimester (77,79).
A “buffering effect” on brittleness has
been speculated, but is hard to separate
from the motivational effect of pregnancy
on achieving smooth, regimented dietary
control.

MATERNAL INSULIN-INDUCED
HYPOGLYCEMIA — The most im-
portant limiting factor in intensified in-
sulin therapy of diabetic women is the
maternal CNS danger from hypoglyce-
mic coma, which seems to come on more
quickly and often without warning signs
during gestation (2,3). In pregnancy, the
fetal- placental unit continues to con-
sume glucose and alanine in postabsorp-
tive periods, and exogenous insulin may
limit alternative fuel sources by restrain-
ing lipolysis (71). Fortunately, the fews
seems to be protected from maternal hy-
poglycemia. We have known for a long
time that fetal death is not associated
with severe insulin reactions (3,16). Al-
though an early report noted develop-
mental problems in infants of some psy-
chiatric patients treated with insulin
shock therapy in early pregnancy (80),
investigators in preconception and early
pregnancy trials have not noted an asso-
ciation between clinical insulin-induced
hypoglycemic reactions and congenital
malformations (81).

Possibly because of more strin-
gent attempts at normoglycemia during
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pregnancy, trials of intensified insulin
therapy (34,50) revealed that symptom-
atic hypoglycemic episodes are more fre-
quent (average 1~-2/wk per subject) than
in similar trials in nonpregnant diabetic
subjects (82). The observation of Mintz
et al. (83) that the growth hormone re-
sponse to hypoglycemia was impaired in
insulin tolerance testing of pregnant di-
abetic women was confirmed by Dia-
mond et al. (84) who studied 9 well-
controlled subjects at term (diabetes
>10 yr in 8, autonomic neuropathy ex-
cluded) with hypoglycemic insulin
clamps 2 mU-kg™!+min™!, BG low-
ered from 5.8 mM [105 mg/dl] 10 2.5
mM (45 mg/dl] by 200 min). Compared
with nonobese, nonpregnant, nondia-
betic control subjects, they found that
basal glucagon, epinephrine, and norepi-
nephrine levels were similar in the
groups, but basal growth hormone was
very suppressed in late pregnancy. Dur-
ing hypoglycemia, glucagon declined in
the pregnant diabetic women but rose in
control subjects when BG reached ~3.3
mM (~60 mg/dD); cortisol rose in the
diabetic women at 40 min; the rise in
epinephrine was sluggish until 220 min.
Hypoglycemia produced no changes in
human chorionic gonadotropin or hu-
man placental lactogen in the pregnant
diabetic patients. These findings indicate
that pregnant diabetic patients have even
more limited counterregulatory re-
sponses to hypoglycemia than type I di-
abetic patients in the nonpregnant state.
In the latter, recent studies indicate that
defective glucose counterregulatory re-
sponses, improved glycemic control
(85), and glucagon suppression by per-
sistently elevated circulating insulin lev-
els from subcutaneous injections (86)
contribute to decreased awareness of
symptoms and impaired physiological
defenses against hypoglycemia.

Despite the problems and risks of
hypoglycemia in pregnancy, many inves-
tigators have demonstrated the safety
and efficacy of intensified insulin treat-
ment of diabetic women using frequent

self-monitored capillary BG measure-
ments and timely meals and snacks.

SMBG AND PERINATAL
OUTCOME — The advent of reflec-
tance meters for measurement of capil-
lary BG revolutionized ambulatory dia-
betes care for pregnancy in the 1980s
(87-~89), thus enabling large numbers of
women to apply self-management skills
to correct hyperglycemia and prevent hy-
poglycemia. This advance emphasized
the need for a multidiscipline team ap-
proach to teach the self-management
skills, adjust the eating plan to glycemic
responses and weight gain, and deal with
the frequent psychological problems that
may block smooth metabolic control
(Fig. 2). These approaches have been
outlined in detail by Freinkel, Dooley,
and Mertzger (90); Hollingsworth, Ney,
and Moore (91); and Kitzmiller et al.
(92,93).

Jovanovic and Peterson (88) used
SMBG and intensive diabetes education
and care to demonstrate the feasibility of
achieving normal glucose profiles with
split mix insulin therapy in pregnant di-
abetic women (5 type I, 5 type ID with
high school educational backgrounds.
The subjects were taught a three-step
protocol to prevent episodes of hypogly-
cemia and caloric overcorrection (~1
symptomatic episode/wk with only 1
leading to unconsciousness throughout
pregnancy). The authors observed that as

PRIMARY CARE M.D.

/1N

NURSEEDUCATOR,, PATIENT ~#—> DIABETOLOGY

PHARMACIST PERINATOLOGY
\ I / SPECIALIST
DIETITIAN
SOCIAL WORKER/COUNSELOR

Figure 2—Multidiscipline team approach for
intensive diabetes management for pregnancy. If
necessary, 24 h telephone availability is pro-
vided. Diagram developed by Gabbe and
Kitzmiller.

Kitzmiller

euglycemia was established, the BG level
stimulating symptoms declined o 2.8
mM (50 mg/dD), and the sense of mater-
nal well being was enhanced. In a sub-
sequent report, euglycemia and appro-
priate perinatal management in 31
pregnant women with established diabe-
tes normalized perinatal outcome (no
perinatal loss, macrosomia, RDS, or
polycythemia, and only 1 case of neona-
tal hypoglycemia) (94). Average insulin
requirements for euglycemia (using a 30
keal/kg desirable body weight diet} in
pregnancy for lean diabetic women were
0.7 U/kg actual weight at 7 wk gestation,
0.9 U/kg at 26 wk, and 1.0 U/kg at 36
wk, compared with 1.2-3.0 U/kg at
term in obese patients.

In another clinical trial of SMBG
and diet-insulin therapy throughout
pregnancy, Landon and Gabbe (95)
taught 75 diabetic subjects to keep pre-
meal capillary BG <6.7 mM (120 mg/
dD), and 74% succeeded. The investiga-
tors found that the glycemic threshold
for minimal perinatal complications (9%
LGA, 2% RDS, 19% neonatal hypoglyce-
mia) was premeal capillary BG <6.1 mM
(110 mg/dl). MBG remained above that
level in 32 subjects, and the outcomes
were 34% LGA, 22% RDS, and 41% neo-
natal hypoglycemia.

Other investigators combined
SMBG with dietary and insulin therapy
designed to keep postprandial glycemic
excursions within the normal range for
pregnancy. Weiss and Hofmann (96) re-
ported a detailed analysis of four insulin
regimens in 33 Austrian subjects, includ-
ing Regular insulin 4 times a day and
different combinations of Regular with
intermediate or long-acting insulin. Nor-
moglycemia was achieved after 1 wk of
intensive treatment; thereafter, women
were taught to self-adjust insulin doses
based on the pattern of BG profiles. No
diabetic fetopathy was observed. Insulin
requirements usually dipped 10% be-
tween 10 and 16 wk gestation and rose
progressively above baseline after 26 wk
gestation, by 50% at 36 wk. The rise in
insulin requirement was greatest for
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short-acting Regular insulin. After
35-36 wk, insulin requirements often
declined (96), an observation made by
many investigators (73-97). Equivalent
perinatal results were achieved by Langer
et al. {(73), who compared responses in
63 type I diabetic patients with those of
40 type 11 diabetic patients, achieving
rates of LGA < 10% in both groups.

In the multicenter Diabetes in
Early Pregnancy Study, investigators
compared mean FBG and 1-h PPBG lev-
els in relation to infant birth weight in
more than 300 pregnant women (98).
After adjusting for confounding factors,
PPBG at 28-32 wk was most strongly
related to birth weight, and the threshold
for increased risk of macrosomia seemed
to be PPBG > 7.2-7.8 mM (130-140
mg/dD) and FBG > 6.7 mM (120 mg/dl).
Fetal macrosomia also was common in
diabetic women with weight gain >20
kg by 32 wk gestation. On the other
hand, low mean PPBG levels <6.7 mM
(120 mg/dD were associated with in-
creased frequency of small-for- gestation-
al-age infants (<10th percentile of birth
weight for gestational age and sex) (98).
This result of persistently low maternal
BG also was noted by Langer in insulin-
treated gestational diabetic women (99),
and Beischer in pregnant women with
low values on glucose tolerance tests
(100). Returning to the multicenter
study, Jovanovic-Peterson et al. (98) con-
cluded that “monitoring only fasting and
premeal glucose concentrations, which
reflect the lowest glucose levels of the
day, does not provide an adequate indi-
cation of overall metabolic control and
the risk of macrosomia.”

The availability of SMBG and dia-
betes educators makes possible the use of
individualized algorithms for self-adjust-
ments of insulin dosages by pregnant dia-
betic women (88,89,93,101). After basic
doses of Regular and intermediate insulin
are established, patients can add or sub-
tract units of Regular insulin based on pre-
meal BG values, level of physical actvity,
stress, and meals in restaurants. For this
system to work smoothly in pregnancy,

patients must pay close attention to vari-
ability in food choices and review food and
BG records with dietitians.

Cautionary words are now in or-
der. Some programs using postprandial
SMBG reported LGA frequencies of 16~
29%, perhaps because strict glycemic
control was only achieved after 28 wk
gestation (97,102). Langer and Mazze
(103) stressed the importance of using
glucose meters with memory chips, be-
cause they found that 25% of 13 women
with pregestational diabetes omitted cap-
illary BG values, and 28% added glucose
values that were not determined by the
reflectance meter. Sequential measure-
ment of glycoproteins is useful to detect
patients who are falsifying SMBG. Fi-
nally, Diamond (104) reported that de-
spite modern diabetes and obstetrical
care, women classified as “neglectors”
still have high rates of PNM and perinatal
morbidity, often related to poor pre-
pregnancy control and major congenital
malformations.

The advent of human insulin al-
lowed investigation of the role of anti-
bodies to animal-source insulin in affect-
ing glycemic control and pregnancy
outcome. Persson (29) found no relation
between levels of insulin antibodies and
changes in porcine insulin requirements
or degree of metabolic control in preg-
nancy. Weiss (96) observed no differ-
ences between the effects of human or
porcine insulin in achieving normoglyce-
mia. Based on the demonstration by Bau-
man and Yalow (105), that maternal im-
munoglobulin G insulin antibodies can
transport insulin across the placenta into
fetal blood, Sperling et al. (106) reported
that diabetic women with insulin anti-
bodies were more likely to have mac-
rosomic infants, although glycemic con-
trol was not analyzed. A subsequent
report from the same institution negated
the idea that women treated with human
insulin (with presumably lower levels of
insulin antibodies) had less risk for fetal
macrosomia (107). In the only prospec-
tive controlled trial of human versus an-
imal insulin during pregnancy, maternal

or infant insulin antibody levels were not
related to type of insulin used (108).
However, the group of type ! diabetic
patients randomized to human insulin
before 20 wk gestation had fewer BG
values beyond therapeutic range, fewer
LGA infants, and lower infant C-peptide
response to glucose/amino acid challenge
at 3 mo of age (108).

INNOVATIVE INSULIN DELIVERY
SYSTEMS IN PREGNANCY —
Several investigators established the
feasibility of obtaining normoglycemia
with CSII pump therapy in type I dia-
betic women in early (109) and later
pregnancy (110-114). Coustan et al.
(115) randomized 22 comparable preg-
nant diabetic women to intensive con-
ventional or insulin pump therapy in the
1st trimester. MBG (premeal and post-
prandial) was <6.7 mM (120 mg/d)) in
the majority of women in both treatment
groups, and there was no significant dif-
ference in the glycohemoglobin values or
the frequency of moderate or severe hy-
poglycemic episodes. Insulin require-
ments were lower with the insulin pump
therapy in the 2nd (1.02 vs. 1.40
U-kg™!-day™" and 3rd trimesters
(1.26 vs. 1.63 U-kg™*+day™" (115,
but pump therapy still produced hyper-
insulinemia compared with nondiabetic
pregnant women (74). Fasting and post-
prandial amino acid and lipid levels were
comparable in the two insulin treatment
groups and in a nondiabetic pregnant
control group (74). Workers in this field
conclude that insulin pump therapy can
be advantageous in a minority of cau-
tious, responsible, type 1 diabetic preg-
nant women. The indications include
convenience of flexible timing of insulin
bolus doses and meals; tendency toward
wide glycemic excursions from low to
high despite adherence to the eating
plan; and trouble with nocturnal hypo-
glycemia or the dawn phenomenon of
increasing insulin requirements after
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0400, although the presence of the latter
during pregnancy is disputed by Hollings-
worth (91).

Irsigler (116) has studied the fea-
sibility of intraperitoneal insulin infusion
systemns in type I diabetic women before
and during pregnancy in Vienna. His in-
dications were similar to those given for
CSII therapy. 1 am not aware of con-
trolled studies comparing this method
with intensified conventional insulin
therapy in pregnant women.

FUTURE DIRECTIONS:
PRECONCEPTION CARE,
DEVELOPMENT OF OFFSPRING,
PREECLAMPSIA — A; present, ma-
jor congenital malformations are the
leading cause of PNM and serious mor-
bidity in infants of diabetic mothers. Ex-
perimental work with rodent embryos
indicates that high glucose and B-HB
concentrations are teratogenic (117). In-
sulin therapy in diabetic animal models
can prevent the embryopathy (118).
Many clinical studies (119-124), with
only one exception (125), link a high
risk for malformations with poor control
of diabetes early in pregnancy, as marked
by greatly elevated glycohemoglobin val-
ues in the first trimester. Because the
malformations occur by 5-8 wk from
the last menstrual period, investigators
reasoned that organized preconception
care of diabetes will be necessary to re-
duce the frequency of major anomalies to
the “normal” level of 2%. In the last
decade, seven preconception clinical tri-
als demonstrated this result (Table 4)
(126-131). Normalizing the increased
frequency (25-40%) of early pregnancy
loss associated with poor control of dia-
betes (132,133) is another benefit of pre-
conception care (134,135), as is the op-
portunity to evaluate matemal vascular
disease and prevent the development of
proliferative retinopathy, which may be
associated with a too rapid correction of
hyperglycemia. In our own preconcep-
tion trial, the level of glycemic control

Kitzmiller

Table 4—Prevention of major congenital malformations in infants of diabetic women,

particularly in preconception clinical trials

Preconception group

Registered already pregnant

Author Date Infants Anomalies* (%) Infants Anomalies* (%5)
Fuhrmann 1983, 1984 185 21D 473 31 (6.6)
Goldman 1986 44 0 31 2 (6.5)
Damm 1989 197 2(1.0) 61 5(8.2)
Steel 1990 143 2(1.49) 96 10 (10.4)
Kitzmiller 1991 84 1(1.2) 110 12 (10.4)
Total 653 7D 771 60 (7.8)

Estimated costs of neonatal care for infants with anomalies were $400,600 for the preconception group and
$3,430,900 for the registered already pregnant group. Types of anomalies taken from Kitzmiller et al.
(131). Costs in 1990 dollars taken from Elixhauser A and Weschler JM: Battelle—CDC report on Cost
Benefit Analysis of Preconception Care for Women with Established Diabetes Mellitus.

* Includes pregnancy terminations for anencephaly and prosencephaly.

before and in the first weeks of preg-
nancy that was sufficient to prevent
anomalies averaged 1-h PPBG < 10 mM
(180 mg/d]) and produced near normal-
ization of glycohemoglobin (131).

The problem remaining is how to
achieve this result for an entire popula-
tion of diabetic women and sexually ac-
tive girls. Success has been reported in
Denmark (129) and Sweden (123) based
on intensive public and professional ed-
ucation campaigns and generalized im-
provement in glycemic control. In the
United States, investigators have had
limited success in recruiting diabetic
women for preconception care (—~20% in
areas with public campaigns). One ap-
proach is to convince third- party payers
to make it in the financial interest of their
clients to participate in preconception
care, because prevention of major con-
genital anomalies will save huge medical
costs. Another is to convince practitio-
ners that it is worth the time, effort, and
motivational techniques required to im-
prove glycemic control for all individuals
with diabetes. To accomplish this, the
old insistence of White and Pedersen on
the importance of centralized care of di-
abetes for pregnancy will probably not
work in North America. In Maine, a trav-
eling team of diabetes educators has
taken preconception care to rural towns
(136). Another state health department

funded the California Diabetes and Preg-
nancy Program, which has had success
establishing patient education and treat-
ment programs in >35 communities and
is backed by regional perinatal centers.
As reported by Cousins (137) for the
California Diabetes and Pregnancy Pro-
gram, for 572 pregnant women with
pregestational diabetes (two-thirds type
1, 40% women of color), this model of
decentralized care was effective in lower-
ing frequencies of PNM (2.4%), hypogly-
cemic coma (0.9%), KTA (3.1%), and
hospital admissions for diabetes control
(28.4%, compared with nearly 100% 20
yr ago). However, neonatal morbidity
was still too common, with 6.1% major
congenital anomalies and 31% LGA in-
fants (137).

Another challenge for the furure
is to determine the level of diabetic con-
trol necessary to produce normally de-
veloping offspring, assuming congenital
malformations can be prevented. Obesity
in children has been linked to prior in
utero fetal islet stimulation (138). Older,
controversial data on childhood intellec-
tual function should receive renewed at-
tention based on recent studies. In 1969,
Farquhar of Edinburgh (19) reported on
a follow-up of 210 children of insulin-
treated diabetic women. Only 5 children
had “educational subnormality,” but 20
had congenital abnormalities, 10% were
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less than the 3rd percentile for height,
and >20% had excessive weight by ad-
olescence. Yssin (139) examined 152
Danish children of diabetic women 2-10
yr after birth (mean 4.5) in the 1960s.
Major cerebral dysfunction was found in
16.5%, and 12% had minor problems
with speech and reading or behavior dis-
orders. The dysfunctions were strongly
associated with low maternal estriol ex-
cretion in the index pregnancies, sug-
gesting an association with poor diabetic
control, uteroplacental vascular insuffi-
ciency, and intrauterine growth retarda-
tion. More recent reports from Molsted-
Pedersen et al. (140,141) in Copenhagen
link subnormal performance on develop-
mental tests at 4—35 yr of age to early fetal
growth delay on ultrasound measure-
ments at 8-14 wk gestation (140), a
problem associated with poor diabetes
control in early pregnancy (141).

Churchill et al. (142) found
lower neuropsychological test scores at 4
yr of age in children of 55 diabetic moth-
ers with ketonuria in late pregnancy, but
there was no association with insulin-
induced matemnal hypoglycemia. Infants
<2,000 g were excluded from the study.
Children of 18 acetone-negative diabetic
mothers did not differ from control sub-
jects. The authors postulated that keto-
nuria may signal episodes when maternal
FFA and amino acids are being catabo-
lized to increase the ketoacid pool for use
as energy, which may decrease amino
acids available for fetal cerebral develop-
ment (142). Alternatively, evidence ex-
ists that B-HB crosses the placenta and is
metabolized by fetal brain (143).
Churchill's results were disputed when
reanalysis of the data suggested that am-
nionitis could explain the results (144).
However, Stehbens (145) also reported
lower IQ at 5 yr of age, when controlled
for birth weight, in 23 children of dia-
betic mothers who had experienced ace-
tonuria in the last trimester.

In the last two years, Rizzo et al.
(146,147) at Northwestern University
reported results of their long-term stud-
ies of the relationship of perturbations of

maternal fuels in diabetic and control
subjects to development of offspring. In
diabetic women, mean matermal FBG
(range 3.8-8.3 mM [69-150 mg/dl])
and glycohemoglobin in the second and
third trimesters, but not B-HB, had in-
verse correlations with three newborn
behavior assessments (interactive, mo-
toric, and physiological control) when
controlled for perinatal events and socio-
economic status (146). In the child fol-
low-up study (147), maternal hypogly-
cemia (average l/wk) and infrequent
maternal ketonuria were not related to
1Q performance of offspring at 4 yr of
age, but a significant correlation was
noted with mean fasting B-HB in the
second and third trimesters (range,
0.004-0.72 mM). The authors postu-
lated that childhood 1Q performance is
affected by poor lipid metabolic regula-
tion during pregnancy (147). Now that
ketone meters are available, investigators
should be able to determine the associa-
tion between the usual indicators of dia-
betic control and diumnal ketonemia in
large numbers of diabetic women, to test
its association with embryopathy in early
pregnancy and development of the brain
in later gestation.

One constant over the 50 years of
development of treatments for diabetes
and pregnancy has been the persistently
high frequency (12-39%) of the mater-
nal preeclamptic syndrome (8,14,22,25,
35,42,95,137). It often is superimposed
on chronic hypertension and diabetic ne-
phropathy (47,48) (which makes diag-
nosis difficult), but also is frequent in
normotensive diabetic women without
microproteinuria (148-150). At present,
the syndrome is still a common factor in
perinatal death and early preterm deliv-
ery, which brings us back to the pioneer
days of White (2,3) and Pedersen
(22,23), who demonstrated the impor-
tance of toxemia as a determinant of
PNM for infants of diabetic mothers. We
do not know why preeclamptic toxemia
is so common in these women. One the-
ory focuses on lesions of the uterine ar-
teries, which could reduce uteroplacental

blood flow (151). But could aspects of
glycemic control affect blood vessels and
set up diabetic women for preeclampsia?
There is new interest in the idea that
endogenous (type II diabetes, gestational
diabetes mellitus) or exogenous hyperin-
sulinemia (all types) may be a culprit
(152-154).
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