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BSTRACT

 

Background

 

Non-insulin-dependent diabetes mel-
litus (NIDDM) is a major cause of end-stage renal
disease. However, the course and determinants of
renal failure in this type of diabetes have not been
clearly defined.

 

Methods

 

We studied glomerular function at inter-
vals of 6 to 12 months for 4 years in 194 Pima Indians
selected to represent different stages in the develop-
ment and progression of diabetic renal disease. Ini-
tially, 31 subjects had normal glucose tolerance, 29
had impaired glucose tolerance, 30 had newly diag-
nosed diabetes, and 104 had had diabetes for five
years or more; of these 104, 20 had normal albumin
excretion, 50 had microalbuminuria, and 34 had
macroalbuminuria. The glomerular filtration rate, re-
nal plasma flow, urinary albumin excretion, and blood
pressure were measured at each examination.

 

Results

 

Initially, the mean (

 

�

 

SE) glomerular filtra-
tion rate was 143

 

�

 

7 ml per minute in subjects with
newly diagnosed diabetes, 155

 

�

 

7 ml per minute in
those with microalbuminuria, and 124

 

�

 

7 ml per
minute in those with macroalbuminuria; these val-
ues were 16 percent, 26 percent, and 1 percent high-
er, respectively, than in the subjects with normal glu-
cose tolerance (123

 

�

 

4 ml per minute). During four
years of follow-up, the glomerular filtration rate in-
creased by 18 percent in the subjects who initially
had newly diagnosed diabetes (P

 

�

 

0.008); the rate
declined by 3 percent in those with microalbuminu-
ria at base line (P

 

�

 

0.29) and by 35 percent in those
with macroalbuminuria (P

 

�

 

0.001). Higher base-line
blood pressure predicted increasing urinary albumin
excretion (P

 

�

 

0.006), and higher base-line urinary al-
bumin excretion predicted a decline in the glomeru-
lar filtration rate (P

 

�

 

0.001). The initial glomerular fil-
tration rate did not predict worsening albuminuria.

 

Conclusions

 

The glomerular filtration rate is elevat-
ed at the onset of NIDDM and remains so while nor-
mal albumin excretion or microalbuminuria persists. It
declines progressively after the development of mac-
roalbuminuria. (N Engl J Med 1996;335:1636-42.)
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N the United States, one third of patients with
end-stage renal disease who receive renal dialy-
sis or transplantation have diabetes mellitus,
and most of these have non-insulin-dependent

diabetes mellitus (NIDDM).

 

1

 

 The pathogenesis and
progression of renal disease in patients with NIDDM
have not been studied extensively, but such informa-

I

 

tion is crucial to determining the optimal approach
to the treatment and prevention of the disease.

Pima Indians of the Gila River Indian Community
in Arizona have the world’s highest incidence of
NIDDM,

 

2

 

 and the incidence of end-stage renal dis-
ease in this group is more than 20 times that of the
general U.S. population.

 

3

 

 As a result of a longitudi-
nal epidemiologic study in this community, the on-
set of diabetes and its complications is recognized in
many subjects. We studied six groups of Pima Indi-
ans who were selected to represent well-defined
stages in the development of diabetes and renal dis-
ease. Base-line renal function was characterized in
these subjects. Thus, when they were followed over
a four-year period, the changes in glomerular func-
tion that occur during the development and pro-
gression of renal disease in patients with NIDDM
could be determined.

 

METHODS

 

We recruited six groups of adult subjects with predefined char-
acteristics: 31 who had had a normal oral glucose-tolerance test
within three months of the base-line study and had no history of
impaired glucose tolerance or diabetes; 29 with evidence of im-
paired glucose tolerance on a glucose-tolerance test within three
months of the base-line study who had no history of diabetes; 30
who had newly diagnosed diabetes (the diagnosis was confirmed
by a glucose-tolerance test) among subjects known to have had
either normal or impaired glucose tolerance in the past three
years; 20 who had had diabetes for at least five years who had nor-
mal urinary albumin excretion (ratio of urinary albumin [meas-
ured in milligrams per liter] to urinary creatinine [measured in
grams per liter], 

 

�

 

30); 50 who had had diabetes for at least five
years and microalbuminuria (urinary albumin-to-creatinine ratio,
30 to 299); and 34 who had had diabetes for at least five years
or more and macroalbuminuria (urinary albumin-to-creatinine
ratio, 

 

�

 

300). In each of these groups, participants were recruited
in three age categories (18 to 30 years, 31 to 45 years, and 46 to
60 years) in order to minimize age differences between the
groups. Subjects with elevated serum creatinine concentrations
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(

 

�

 

1.3 mg per deciliter [115 

 

m

 

mol per liter] for women and 

 

�

 

1.5
mg per deciliter [133 

 

m

 

mol per liter] for men) were ineligible, as
were any potential subjects who were pregnant or had chronic de-
bilitating conditions or any evidence of nondiabetic renal disease.
Our goal was to recruit 30 subjects for each group except the
group with microalbuminuria, for which 60 subjects were sought.
The protocol was approved by the review boards of the National
Institute of Diabetes and Digestive and Kidney Diseases, Stanford
University, and the Cleveland Clinic Foundation and by the Trib-
al Council of the Gila River Indian Community. Each subject
gave informed consent.

Diabetes and impaired glucose tolerance were defined on the
basis of the results of an oral glucose-tolerance test with 75 g of
glucose, according to criteria of the World Health Organization.

 

4

 

Subjects who had had diabetes for five years or more were classi-
fied according to the geometric mean of four measurements of
the ratio of urinary albumin to creatinine in four untimed urine
samples collected at least a week apart. Those with a ratio below
30 were categorized as having normoalbuminuria; those with val-
ues of 30 to 299 as having microalbuminuria; and those with val-
ues at or above 300 as having macroalbuminuria.

 

5

 

The subjects with diabetes of long duration and normoalbuminu-
ria were followed for two years; all other subjects were followed
for four years.

 

6

 

 The glomerular filtration rate and renal plasma flow
were measured by the urinary clearance of iothalamate and amino-
hippurate, respectively, at base line and at four years in the subjects
with normal glucose tolerance and at base line and two years
in the group with diabetes of long duration and normoalbumin-
uria. These values were measured yearly in those with impaired
glucose tolerance or newly diagnosed diabetes, and at intervals of
six months in those with microalbuminuria or macroalbuminuria.
At each follow-up examination, the urinary albumin-to-creatinine
ratio was determined and blood pressure was measured while the
subject was seated. Glycosylated hemoglobin was measured at the
base-line examination.

Medical care was provided to the subjects, independently of the
study protocol, by their usual Indian Health Service physicians.
Diabetes was treated with dietary modification, oral hypoglyce-
mic drugs, or insulin, as required to achieve glycemic control. The
physicians were requested to avoid, if medically appropriate, drugs
that might alter glomerular function, such as angiotensin-con-
verting–enzyme inhibitors and nonsteroidal antiinflammatory
drugs other than aspirin. The request that angiotensin-convert-
ing–enzyme inhibitors be avoided for subjects with macroalbu-
minuria was withdrawn as soon as their renoprotective effect in
patients with insulin-dependent diabetes and advanced renal dis-
ease was demonstrated.

 

7

 

 At some time during the study, 31 sub-
jects (18 percent of those who completed follow-up) received one
or both of these classes of drugs. One patient with newly diag-
nosed diabetes, 1 with diabetes and normoalbuminuria, 3 with
microalbuminuria, and 11 with macroalbuminuria received angi-
otensin-converting–enzyme inhibitors, and 3 with impaired glu-
cose tolerance, 2 with newly diagnosed diabetes, 6 with microal-
buminuria, and 2 with macroalbuminuria received nonsteroidal
antiinflammatory drugs. Two patients with macroalbuminuria re-
ceived both types of drugs.

 

Laboratory Methods

 

Albumin was measured in serum and urine by immunoprecip-
itation,

 

8

 

 or by enzyme-linked immunosorbent assay

 

9

 

 if the con-
centration was 0.2 mg per liter or lower. Creatinine concentra-
tions in serum and urine were measured by a modification of the
Jaffé reaction, glycosylated hemoglobin by agar gel electrophore-
sis,

 

10

 

 and plasma oncotic pressure by membrane osmometry. Io-
thalamate and aminohippurate were assayed with use of high-per-
formance liquid chromatography.

 

11

 

Analysis of Glomerular Filtration

 

The ultrafiltration coefficient was calculated from a theoretical
model that included the glomerular filtration rate, renal plasma

flow, and plasma oncotic pressure and an assumed value of 40
mm Hg for the glomerular transcapillary hydraulic-pressure dif-
ference, which cannot be measured directly in humans.

 

11-13

 

 The
ultrafiltration coefficient is defined as the product of effective hy-
draulic permeability and total glomerular capillary surface area of
the kidneys.

 

Statistical Analysis

 

Clinical features of the subjects were compared among groups
by analysis of covariance, with adjustment for age and sex. P val-
ues are reported either for overall comparisons among all groups
or for pairwise comparisons, with the Bonferroni correction.
Changes in group mean values for the glomerular filtration rate
were assessed with a mixed-effects model.

 

14

 

 The relations between
variables measured at base line and changes in the glomerular fil-
tration rate or urinary albumin excretion were analyzed by linear
regression, with adjustment for age and sex. Differences in the ul-
trafiltration coefficient between groups were analyzed with the
Kruskal–Wallis test and those within groups over time were ana-
lyzed with the Wilcoxon signed-rank test.

 

15

 

RESULTS

 

Base-Line Characteristics

 

The characteristics of the six groups (194 sub-
jects; 81 men and 113 women) are shown in Table
1. The subjects with impaired glucose tolerance or
newly diagnosed diabetes were heavier and had a
greater body-mass index than those in the other
groups (P

 

�

 

0.001). The subjects with macroalbu-
minuria had a significantly higher mean arterial pres-
sure than those in the other groups (P

 

�

 

0.002); 21
percent of the subjects with macroalbuminuria were
receiving treatment for hypertension, as compared
with 10 percent or less of those in the other groups.
The mean fasting serum glucose concentrations and
glycosylated hemoglobin values differed significantly
among the groups (P

 

�

 

0.001); they were highest in
the group with macroalbuminuria.

The mean glomerular filtration rate in the groups
with newly diagnosed diabetes, normal albumin ex-
cretion, and microalbuminuria exceeded that in the
group with normal glucose tolerance by 16 percent,
24 percent, and 26 percent, respectively (P

 

�

 

0.001)
(Table 1). The mean renal plasma flow was also high-
er in those groups, but it was significantly so only in
those with microalbuminuria (P

 

�

 

0.002). The glo-
merular filtration rate was proportionately more ele-
vated than the renal plasma flow in the subjects with
diabetes of long duration (

 

�

 

5 years) and either nor-
mal albumin excretion or microalbuminuria. By con-
trast, the average glomerular filtration rate in the sub-
jects with macroalbuminuria was lower than that in
the other diabetic groups, and the renal plasma flow
was somewhat lower. The plasma oncotic pressure, a
force that opposes the rate of formation of glomeru-
lar filtrate, was lower in all groups with diabetes of
long duration than in the other groups (P

 

�

 

0.001).

 

Longitudinal Results

 

Follow-up was complete for 28 subjects with nor-
mal glucose tolerance (90 percent), 28 with impaired
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glucose tolerance (97 percent), and 24 with newly di-
agnosed diabetes (80 percent). During follow-up, im-
paired glucose tolerance developed in 7 subjects with
normal glucose tolerance, and diabetes developed in
2; 12 of those with initially impaired glucose toler-
ance progressed to diabetes. Among the groups with
diabetes of long duration, follow-up was complete in
16 subjects with normoalbuminuria (80 percent), 46
with microalbuminuria (92 percent), and 30 with
macroalbuminuria (88 percent). Of the 22 subjects
who did not complete the study, 5 died, congestive
heart failure developed in 1 after a myocardial infarc-
tion, and 16 withdrew from the study.

During the four-year follow-up period, the glo-
merular filtration rate increased by 14 percent
in the subjects with impaired glucose tolerance
(P

 

�

 

0.008); the increase was 35 percent in the 12
subjects in this group in whom diabetes developed.
It increased 18 percent in those with newly diag-
nosed diabetes (P

 

�

 

0.008) and did not change sig-
nificantly in the subjects with diabetes of long dura-

tion and normal urinary albumin excretion (change,

 

�

 

2 percent) or in those with microalbuminuria
(change, 

 

	

 

3 percent) (Fig. 1 and 2). Glomerular fil-
tration declined by 35 percent in subjects with mac-
roalbuminuria (P

 

�

 

0.001); the average decline was
0.93 ml per minute per month; renal insufficiency
developed in nine (30 percent) of these subjects (se-
rum creatinine concentration, 

 

�

 

2.0 mg per deciliter
[177 

 




 

mol per liter]), and end-stage renal disease
developed in one, who was treated with dialysis.

The geometric mean urinary albumin-to-creati-
nine ratio in the groups with impaired glucose tol-
erance and newly diagnosed diabetes remained in
the normal range, changing less than 20 percent
during the four years of follow-up. In the group with
diabetes of long duration and normal urinary albu-
min excretion, the ratio increased by 75 percent
(from 10.3 to 18.0) over a period of two years
(P

 

�

 

0.08). During the four-year period, the ratio in-
creased by 101 percent (from 84.9 to 170.9) in
those with microalbuminuria (P

 

�

 

0.003) and by

 

*Plus–minus values are means 

 

�

 

SE. CI denotes confidence interval.

†The body-mass index was defined as the weight in kilograms divided by the square of the height in meters.

‡To convert values for glucose to millimoles per liter, multiply by 0.05551.

§Data were missing for one subject with impaired glucose tolerance, two with normoalbuminuria, and one with microalbuminuria.

¶To convert values for creatinine to micromoles per liter, multiply by 88.4.

 

�

 

The filtration fraction was defined as the glomerular filtration rate divided by the renal plasma flow.
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I
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G

 

LUCOSE
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�

 

29) N

 

ON

 

-I

 

NSULIN

 

-D

 

EPENDENT

 

 D

 

IABETES

 

 M

 

ELLITUS

 

NEWLY

 

 

 

DIAGNOSED

DISEASE

 

 
(

 

N

 

�

 

30)

 

NORMO

 

-

 

ALBUMINURIA

 

 
(

 

N

 

�

 

20)

 

MICRO

 

-

 

ALBUMINURIA

 

(N�50)

MACRO-
ALBUMINURIA

(N�34)

Sex (M/F) 12/19 11/18 13/17 8/12 19/31 18/16

Age (yr) 37�2 38�2 36�2 44�2 43�1 47�1

Weight (kg) 86�4 106�5 104�4 93�6 87�3 89�3

Body-mass index† 31.8�1.3 39.3�1.7 38.2�1.4 34.3�1.9 32.7�1.1 31.7�1.1

Duration of diabetes (yr)
Mean 
95% CI

—
—

—
—

0.7
0.005–3.1

13.4
8.3 –23.8

12.1
6.3–23.8

16.3
8.0–24.9

Mean arterial pressure (mm Hg) 91�2 94�2 91�2 90�3 93�1 102�2

Antihypertensive-drug
treatment (% of group)

0 0 7 5 10 21

Fasting serum glucose (mg/dl)‡ 97�3 107�4 169�12 228�16 239�9 240�12

Glycosylated hemoglobin (%)§ 5.9�0.1 6.3�0.1 8.5�0.4 11.4�0.6 11.9�0.3 12.2�0.3

Serum creatinine (mg/dl)¶ 0.8�0.03 0.8�0.03 0.7�0.02 0.7�0.02 0.7�0.02 0.9�0.04

Urinary albumin-to-creatinine ratio 
Mean 
95% CI

8.0
5.1–12.6

12.4
8.7–17.5

13.2
9.2–19.0

10.9
8.8–13.5

87.7
72.8–106

1180
844–1650

Glomerular filtration rate (ml/min) 123�4 135�7 143�7 152�9 155�7 124�7

Renal plasma flow (ml/min) 729�27 791�43 833�47 763�41 839�31 758�39

Filtration fraction� 0.17�0.01 0.17�0.01 0.17�0.01 0.20�0.01 0.19�0.01 0.17�0.01

Plasma oncotic pressure (mm Hg) 24.0�0.3 24.0�0.4 23.6�0.4 21.6�0.5 22.7�0.3 21.0�0.4
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Figure 1. Changes in the Mean Glomerular Filtration Rate and Median Urinary Albumin-to-Creatinine Ratio from Base Line to the
End of Follow-up in Subjects with Impaired Glucose Tolerance (IGT), Newly Diagnosed Non-Insulin-Dependent Diabetes Mellitus
(New NIDDM), NIDDM and Normal Urinary Albumin Excretion (Normoalbuminuria), NIDDM and Microalbuminuria, and NIDDM
and Macroalbuminuria.
Each arrow connects the value at the base-line examination and the value at the end of follow-up. The dashed line indicates the
time of diagnosis, and the shaded area the 25th through 75th percentiles of values in subjects with normal glucose tolerance. Al-
bumin was measured in milligrams per liter and creatinine in grams per liter.

133 percent (from 1123 to 2621) in those with
macroalbuminuria (P�0.001) (Fig. 1). Macroalbu-
minuria developed in 17 subjects with microalbu-
minuria (37 percent), as compared with 1 subject
with newly diagnosed diabetes (P�0.003).

In the diabetic subjects, the urinary albumin ex-
cretion at base line predicted the change in glomer-
ular filtration (r�	0.57, P�0.001) (Fig. 3). Among
the 70 diabetic subjects who initially had normal al-
bumin excretion or microalbuminuria, higher base-
line blood pressure predicted increasing urinary al-
bumin excretion (r�0.33, P�0.006), but neither
the base-line serum glucose concentration (P�0.75)
nor the base-line glomerular filtration rate (P�0.21)
predicted such changes.

Factors related to worsening glomerular function
were examined separately in the subjects with mac-
roalbuminuria. Higher renal plasma flow, urinary al-
bumin excretion, and body-mass index at base line
each predicted a more rapid decline in the glomeru-
lar filtration rate, but the fasting serum glucose con-
centration, blood pressure, and glycosylated hemo-
globin values did not. When these variables were
examined together by multiple linear regression anal-
ysis, the significant predictors of declining glomeru-
lar filtration were higher urinary albumin excretion
(P�0.01) and higher renal plasma flow (P�0.01).
An additional 50 ml per minute in renal plasma flow
was associated with an additional decline of 0.12 ml
per minute per month (95 percent confidence inter-
val, 0.03 to 0.21) in the glomerular filtration rate.
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The glomerular ultrafiltration coefficient in the
diabetic groups with normal albumin excretion and
microalbuminuria was similar to that in subjects
with normal glucose tolerance (11.8 ml per minute
per millimeter of mercury) and did not change sig-
nificantly during follow-up (Table 2). In the group
with macroalbuminuria, the ultrafiltration coeffi-
cient was 40 percent lower than in the group with
normal glucose tolerance at base line (P�0.001),
and it declined by a further 28 percent during the
ensuing four years (P�0.002).

DISCUSSION

Changes in glomerular function during the course
of renal disease in subjects with NIDDM are diffi-
cult to evaluate because of uncertainties about the
onset of diabetes and its protracted course and be-
cause of a high prevalence of nondiabetic renal dis-
ease in some populations.16 Among Pima Indians,
details of the onset and duration of diabetes are
known with greater certainty than is the case in oth-
er populations, and nearly all renal disease is attrib-
utable to diabetes.3 Previous studies of NIDDM
in this population indicate that proteinuria and re-
nal failure are common; that proteinuria develops
more frequently in subjects with diabetes of long
duration, hypertension, poor glycemic control, al-
buminuria, and hypercholesterolemia; and that mi-
croalbuminuria is a strong predictor of subsequent
proteinuria.3,5,11,17,18

The present study demonstrates that, in Pima In-
dians, NIDDM is characterized by glomerular hyper-
filtration, both in those with newly diagnosed disease
and in those with long-standing diabetes, except in
the presence of macroalbuminuria; this pattern is
consistent with the hypothesis that hyperfiltration
causes progressive glomerular damage.19,20 However,
the base-line glomerular filtration rate in the diabetic
subjects predicted neither increasing urinary albumin
excretion nor declining glomerular filtration during
four years of follow-up, suggesting that hyperfiltra-
tion itself is not the principal factor in the develop-
ment or progression of nephropathy. Higher urinary
albumin excretion at base line, however, did predict
increasing albuminuria and, in subjects with macroal-
buminuria, declines in the glomerular filtration rate;
these findings suggest that enhanced protein flux
across the glomerular capillary wall contributes to
progressive glomerular damage.21 Proteinuria also
predicts the progression of renal disease in patients
with nondiabetic renal disease.22,23

Despite similar renal plasma flow and lower plas-
ma oncotic pressure, the glomerular filtration rate
was lower in the group with macroalbuminuria than
in the other diabetic groups, indicating that either
the transcapillary hydraulic-pressure difference or the
ultrafiltration coefficient must be lower among sub-
jects with macroalbuminuria. Because the mean ar-
terial pressure and serum glucose concentration were
higher in the group with macroalbuminuria, it is un-
likely that the transcapillary hydraulic-pressure dif-
ference was lower. Even if we assume that the trans-
capillary hydraulic-pressure difference was the same,
the computed ultrafiltration coefficient in the group
with macroalbuminuria was 40 percent lower at base
line than that in the group with normal glucose tol-
erance and declined by a further 28 percent over a
period of four years. A preliminary analysis of glo-
merular structure in some of the subjects with mac-
roalbuminuria revealed marked widening of the glo-
merular basement membrane and the epithelial foot
processes,24 features that are consistent with de-
pressed permeability and a lower ultrafiltration coef-
ficient.25 Moreover, in subjects with macroalbumin-
uria a substantial fraction of glomeruli had global
sclerosis, a characteristic not observed in the remain-
ing diabetic groups24 and one that would further re-
duce the glomerular ultrafiltration coefficient in the
subjects with macroalbuminuria.

Although urinary albumin excretion increased and
macroalbuminuria developed in 37 percent of the
subjects with microalbuminuria, no significant chang-
es in the glomerular filtration rate or the renal plas-
ma flow were observed in this group. This lack of
change presumably reflects the long time and the
substantial changes in urinary albumin excretion
that are required to reduce the ultrafiltration capac-
ity of the glomeruli.

Figure 3. Changes in the Glomerular Filtration Rate in Individ-
ual Diabetic Subjects in Relation to Their Base-Line Urinary Al-
bumin-to-Creatinine Ratio.
The scale for the ratio is logarithmic. Men are indicated by plus
signs, and women by squares. The dashed line is the regres-
sion line for the relation between the slope of the glomerular
filtration values and the albumin-to-creatinine ratios (r�	0.57,
P�0.001).
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In summary, glomerular hyperfiltration is present
in patients with NIDDM from the onset of the dis-
ease until the time macroalbuminuria appears. After
the development of macroalbuminuria, the glomer-
ular filtration rate declines at least as rapidly as has
been reported in subjects with insulin-dependent
diabetes, despite adequate control of blood pres-
sure. A progressive loss of intrinsic ultrafiltration ca-
pacity is the predominant cause of the declining
glomerular filtration rate. The relation between the
higher renal plasma flow at base line and more rapid
decline in glomerular filtration in the subjects with
macroalbuminuria suggests that the decline occurs
because glomerular hyperperfusion no longer com-
pensates for the reduced ultrafiltration capacity.
Although the incidence of renal failure attributable
to NIDDM is higher among the Pima Indians than
in some other populations, the similar risk factors
and outcome strongly suggest that the determi-
nants and progression of renal disease in Pima Indi-
ans are similar to those in other groups of patients
with NIDDM.

Supported in part by contracts (N01-DK-6-2285 and N01-DK-
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D. Secrest, D.F. Thomas, and K.M. Knox; Emory University, At-
lanta — W.E. Mitch; Harvard University, Boston — B.M. Bren-
ner; National Institute of Diabetes and Digestive and Kidney Dis-
eases, Bethesda, Md. — G.E. Striker, G.H. Hirschman, and M.A.
Lange; Phoenix, Ariz. — P.H. Bennett, W.C. Knowler, M.F. Saad,
D.J. Pettitt, B.V. Howard, L.M. Phillips, L.A. Shovestull, J.A.
Park, and S. Antone; Stanford University, Renal Function Research
Laboratory, Stanford, Calif. — B.D. Myers, N. Loon, K. Blouch,
H. Golbetz, J. Bialek, L. Newton, and V. Black; University of Wis-
consin, Retinal Photograph Reading Center, Madison — R. Klein,
S.M. Meuer, S. Baumgart, and A. Varda; Executive Advisory Com-
mittee — H.R. Jacobson (chairperson), A.W. Caggiula, J. Dwyer,
A. Levey, E.J. Lewis, J. Roseman, and M. Steffes.
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