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Abstract
Background Rapid kidney decline is associated with mortality and cardiovascular disease, even in the absence of
CKD. American Indians (AI) have particularly high burden of kidney disease, cardiovascular disease, and stroke.
This study aims to examine extreme loss in glomerular function in this population in association with clinical
outcomes.
Methods The Strong Heart Study, a large longitudinal cohort of adult AI participants, collected plasma creatinine
at three examination visits between 1989 and 1999. Intraindividual regressions of eGFR provided linear estimates
of the change in kidney function over this time. Surveillance with physician adjudication identiﬁed mortality and
cardiovascular events between visit three through to 2017.
Results Mean change in eGFR was loss 6.8 ml/min over the 10-year baseline (range: 266.0 to 128.9 ml/min). The
top 1 percentile lost approximately 5.7 ml/min per year. Participants with extreme eGFR loss were more likely to
have diabetes (95% versus 71%), hypertension (49% versus 33%), or longer smoking history, among smokers
(19 pack-years versus 17 pack-years). CKD (eGFR ,60 ml/min) was associated only with mortality, independent
of slope: HR, 1.1; 95% CI, 1.0 to 1.3. However, extreme loss in eGFR (.20 ml/min over baseline period) was
associated with mortality, independent of baseline eGFR: HR, 3.5; 95% CI, 2.7 to 4.4, and independently associated
with composite CVD events and CHF: HR, 1.4 and 1.7; 95% CI, 1.1 to 1.9 and 1.2 to 2.6, respectively.
Conclusions This is the ﬁrst examination of decline in eGFR in association with mortality and CVD among AIs.
The implications of these ﬁndings are broad: clinical evaluation may beneﬁt from evaluating change in eGFR over
time in addition to dichotomous eGFR. Also, these ﬁndings suggest there may be aspects of renal function that are
not well marked by clinical CKD, but which may have particular relevance to long-term renal and vascular health.
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Introduction

Decline in renal glomerular ﬁltration function is expected at some basal rate, generally following a linear form,
and tends to result from accumulated metabolic, hemodynamic, and dietary stresses (1). Typical decline is
deﬁned as a loss of approximately 1% in eGFR per year
after age 40 (2,3). However, decline can be accelerated
by singular or repeated AKI, underlying CKD, or other
environmental or biologic factors (2). Precise quantitative categorization of rapid glomerular decline has been
somewhat controversial, but generally deﬁned as a linear loss of more than 1.2 ml/min per year (4) or a dichotomous of loss more than 40%–50% function over
a few years (5,6). Rapid glomerular decline, so delineated, has been associated with risk of mortality and
cardiovascular disease (CVD) (7,8), even in the absence
of deﬁned CKD (9–11), although controversy persists
on its clinical deﬁnition and relevance.

American Indians (AI) have a particularly high burden of both CKD (12,13) and its clinical comorbidities
and sequelae, including diabetes, CVD, and stroke
(14–24). Glomerular function decline is also likely to
differ by ethnic background (10), but no study has
examined patterns or rates of decline in AI, and little is
known about how rapid glomerular decline might
affect mortality, cardiovascular events, and stroke in
this population.
Our study aims to establish the ﬁrst examination of
glomerular ﬁltration function loss over several years,
including the prevalence of rapid glomerular loss and
whether such loss is independently associated with
clinical outcomes, in a large, population-based, geographically heterogeneous, longitudinal cohort study
of adult AI. The renal, endocrine, and cardiovascular
burden of this population is clinically signiﬁcant, and
the ﬁndings of this work are likely to have relevance to
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patient and public health practice, and to future research in
these areas.

Materials and Methods
Study Setting
The data for this study were collected by the longitudinal
Strong Heart Study (SHS) cohort, which has been previously
described in detail (25). Study ﬁeld centers included multiple communities and tribes in each of the US Northern
Plains, Southern Plains, and Southwest. The SHS baseline
visit was in 1989–1991; of this, approximately 89% of
patients participated in a second visit in 1993–1995, and
a third visit in 1997–1999. Participating cohort members
with usable creatinine assays at all three visits were eligible
for inclusion in these analyses (N52114). A few assays
(N522) were excluded due to uncertainty in assay values
(calculated GFR .200 ml/min). None of the participants
was receiving maintenance dialysis at the time of the ﬁrst
visit. The resulting number available for analysis was
N52092 (Supplemental Material). Approval for study procedures has been obtained from all participating Institutional Research Board, Indian Health Service, and tribal
council organizations; all participants provided written, informed consent. This report has been reviewed and received
approval from all required tribal council and Indian Health
Service sites.
Plasma Creatinine
All examination visits collected fasting blood samples for
plasma creatinine assay. Aliquoted samples were immediately frozen at 280°C and shipped to Penn Medical Laboratory (Hyattsville, MD) for storage and assay. Serum
creatinine was assayed using enzymatic rate methods,
both on the Vitros platform (Ortho Clinical Diagnostics,
Rochester, NY) and traceable to isotope dilution mass
spectrometry calibration standards. Calibration samples
included (1) random selection of N5200 samples from
each examination visit and (2) all samples with measured plasma creatinine .2.0 mg/dl. These samples were
evaluated in comparison with uncalibrated samples,
using weighted Deming regressions to estimate best-ﬁt
models for standardizing the remaining samples for each
examination visit. Regression assumptions were evaluated using Bland-Altman, residual-ﬁtted, and quantilequantile plots; outliers with extreme Cook values were
excluded to avoid unnecessary inﬂuence on model ﬁt. The
ﬁnal calibration equations for each examination visit were
(1) a: 20.197, b: 0.998; (2) a: 20.137, b: 0.908; and (3) a:
20.099, b: 1.003. These equations were very similar to
a previous calibration carried out for the ﬁrst examination
only (a: 20.159, b: 0.980) (26). Additional details for the
plasma creatinine calibrations are included in the Supplemental Material.
Glomerular Function Decline
Glomerular function was quantiﬁed at each of the three
visits using the CKD Epidemiology Consortium 2009 equation for eGFR. Acquired glomerular dysfunction was deﬁned using intraindividual regressions of eGFR over the
three examination visits, producing b coefﬁcient estimates

for “slope,” or linear change in eGFR over the time between
visit one and visit three (mean time between examination
one and examination three: 8.0 years; range 5.5–10.2). Extreme loss in eGFR over this period was deﬁned on the basis
of the “slope” variable distribution (mean 26.8, SD 9.4) as
.23 SD, or 201 ml/min loss. Such a cumulative loss, if
linear, corresponds to loss of eGFR $2.5 ml/min per year,
which is more than two times the expected rate (1,4).
Cardiovascular Outcomes
Surveillance and adjudication procedures were used to
identify and conﬁrm cardiovascular events, including
any-cause mortality, myocardial infarction, coronary
heart disease, congestive heart failure (CHF), and stroke,
occurring after visit three (1997–1999) until December 31,
2017, a follow-up period of approximately 18–20 years.
These procedures have been described in detail (27). In
short, ﬁeld staff identiﬁed possible events using a combination of telephone and postal mail contact and electronic
medical record review; a convened panel of study clinicians then reviewed a packet of medical records, making
a collective determination of “deﬁnite,” “probable,” or
“possible.” Outcomes used in our analyses included
death, a composite of any deﬁnite CVD event, deﬁnite
CHF, and deﬁnite stroke.
Demographics and Clinical Data
At each visit, participants self-reported age, sex, years of
education, annual household income, lifetime smoking habits, and current alcohol use habits. Body mass index was
measured as weight in kilograms divided by height in
meters squared. Seated BP was measured by sphygmomanometry, and hypertension was deﬁned as average systolic
BP $140 mm Hg, average diastolic BP $90 mm Hg, or use of
antihypertensive medications. Glucose and LDL were
assayed in plasma on the Vitros platform; diabetes was
deﬁned as fasting glucose $126 mg/dl or use of antihyperglycemic medications, and hyperlipidemia was deﬁned as
LDL $140 mg/dl or use of statins. Covariates that have
values that may vary over time were deﬁned in these
analyses at the time of the ﬁrst visit (examination one).
Statistical Analyses
We summarized eGFR over the three examination visits
and centers using histograms and dot plots, and quantiﬁed
the intraindividual changes over these visits using linear
regressions of each individual participant’s eGFR data over
the time of the three examination visits. We examined the
association between baseline (intercept) eGFR and change in
eGFR (slope) using scatter plots with Loess and 95% conﬁdence intervals (95% CI). We quantiﬁed differences between participants with extreme eGFR decline (.20 ml/min
between examination one and three), and those without
such loss using summary measures including mean and SD,
or count and percent. We examined associations of time to
mortality or cardiovascular, stroke, or CHF event using Cox
proportional-hazard models, with follow-up time starting
after the end of the deﬁned baseline period used to measure
change in eGFR (examinations 1–3) and excluding those
with prevalent events as of the time of the ﬁrst examination.
The Cox model exposures were either CKD (eGFR ,60 ml/
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min) by the time of the third visit or loss of .20 ml/min
between visits one and three; these models were adjusted for
either baseline eGFR or slope eGFR (as relevant), and for
age, sex, and ﬁeld center. We conducted models both with
and without adjustment for hypertension and diabetes, as
theoretical confounders and/or features within the causal
pathway. Cox modeling assumptions, including proportionality of hazards, were checked using graphical examination of modeling parameters. The total number available
for any analysis was 2092; participants with events before
the beginning of the follow-up period were additionally
excluded from those Cox models.

Results
Change in eGFR
Over the mean 8 years between examinations one and
three, eGFR generally decreased, although some variation
exists. Mean change in eGFR was loss of 6.8 ml/min, with
a range of 266.0 ml/min to 128.9 ml/min (interquartile
range, IQR, 252.5 to 114.3). The top 1 percentile lost, on
average, 45.4 ml/min over the mean 8 years between examinations one and three, corresponding to approximately
5.7 ml/min per year. Distributions also shifted somewhat,
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with slight changes to mean and substantial changes to the
lower ranges (Figure 1).
Initial eGFR (mean 100.0 ml/min, SD, 14.6; IQR,
23.4–138.3) was positively associated with the change in
eGFR (Figure 2); participants with a higher starting eGFR
had, on average, larger declines in eGFR over the study
period, despite substantial variability. Change in eGFR was
also associated with ﬁeld center (Figure 3), with the Southwest site having almost no participants with an increase and
greater average loss, compared with the other two sites.

Extreme eGFR Loss
Despite the association in continuous values for examination 1 eGFR and change in eGFR (“slope”) between
examination one and examination three, there was no mean
difference in baseline eGFR between participants who had
extreme eGFR decline (.20 ml/min loss) and those who did
not (Table 1); such differences were evident in mean eGFR
for examination two and examination three. Participants
with extreme eGFR decline also had approximately 1 year
less of formal education, were twice as likely to be from the
Southwest center, and were more likely to have a low income (77% versus 60%), diabetes (95% versus 71%), hypertension (49% versus 33%), and longer smoking history
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Figure 1. | Change in eGFR over three examinations in the Strong Heart Study (1989–1999). Histograms (left) and dot-plots (right) showing
distribution of measured eGFR at examination visits 1–3, with coloring (right) by intraindividual change in eGFR over time (slope).

74

KIDNEY360

200

Intercept

150
Age
75
70
65
60
55
50
45

100

50

0
25

0

-25
Slope

-50

Figure 2. | Initial eGFR versus change in eGFR over three examinations in the Strong Heart Study (1989–1999). Scatterplot of
modeled baseline eGFR (eGFR, intercept) over intraindividual change
in eGFR for examination visits 1–3 (slope), with Loess and 95%
confidence intervals and coloration by age.

among smokers (19 pack-years versus 17 pack-years). Participants with extreme eGFR decline were less likely to have
hyperlipidemia (17% versus 28%) or to be a current drinker
at any of the three examinations (38% versus 48%), and were
not different in age, sex, or body mass index, compared with
those who had less extreme eGFR changes over time. Cox
proportional-hazard models for mortality, CVD, stroke, and
CHF events detected similar associations for cumulative
dichotomous exposure (CKD) or for extreme cumulative
loss in eGFR (Table 2), adjusted for sociodemographic and
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Figure 3. | Change in eGFR by field center in the Strong Heart Study
(1989–1999). Dot-plots and violin plots for intraindividual change in
estimate GFR (eGFR, slope) from examination visits 1–3, over field
centers.

clinical characteristics, as well as with mutual adjustment.
Mortality events occurred at a rate of 41.8 per 1000 personyears over a mean 13.7 years follow-up; CVD events at a rate
of 19.6 per 1000 person-years over a mean 17.7 years followup; stroke events at a rate of 4.4 per 1000 person-years over
a mean 19.0 years follow-up; and CHF events at a rate of 6.7
per 1000 person-years over a mean 18.7 years follow-up.
CKD (dichotomous exposure) was associated with mortality
and stroke, independent of extreme loss in eGFR over time:
hazard ratios (HR) of 1.6 (95% CI, 1.3 to 2.1) (mortality) and
1.9 (95% CI, 1.2 to 3.2) (stroke), respectively. However,
extreme loss in eGFR (cumulative exposure) was more
strongly associated with mortality, independent of baseline
eGFR: HR, 3.4; 95% CI, 2.7 to 4.2; and was additionally
associated with composite CVD events: HR, 1.4; 95% CI, 1.1
to 1.9; and with CHF: HR, 1.7; 95% CI, 1.1 to 2.6. Additional
adjustment for hypertension and diabetes, which may represent either or both confounders and/or features within the
causal pathway, had similar patterns in ﬁndings in terms of
effect size, with the exception of slope (Table 3). Mortality
was associated with both CKD (dichotomous exposure: HR,
1.41; 95% CI, 0.95 to 2.08) and extreme loss in eGFR (cumulative exposure HR, 1.72; 95% CI, 0.99 to 3.00), with only
the latter being at the threshold of signiﬁcant; none of the
other ﬁndings remained signiﬁcant with these confounders/mediators in the model. Extreme loss in eGFR was not
statistically independently associated with stroke. Sensitivity analyses (Supplemental Material) for CKD exposure
without adjustment for extreme loss in eGFR detected
expected associations for mortality (HR, 2.4; 95% CI, 2.0
to 3.0), CVD (HR, 1.2; 95% CI, 1.0 to 1.6), stroke (HR, 1.7;
95% CI, 1.2 to 2.6), and CHF (HR, 1.5; 95% CI, 1.0 to 2.1).

Discussion

We found that extreme loss in glomerular ﬁltration function was associated more strongly with cardiovascular and
mortality events than the more conventional dichotomous
measure of chronic renal dysfunction. These ﬁndings suggest that evaluating change in glomerular ﬁltration function,
namely, eGFR, over time could be a powerful, independent
indicator for vascular pathology. Biologically, patients with
rapid functional decline are likely to have signiﬁcant pathologic changes in multiple systems, although it is unclear
whether such rapid decline is reﬂective or causal of such
changes. Clinically, these ﬁndings are meaningful because
they suggest that evaluating dichotomous measures of kidney function alone may be inadequate, and additional definitions to identify renal pathology may be needed. Furthermore, because extreme loss patterns in GFR (e.g.,
.3–5 ml/min per year) may be detectable before the conventional threshold deﬁnition for CKD (i.e., GFR ,60 ml/
min) is reached, these ﬁndings suggest additional clinical
tools to deﬁne early renal pathology may be useful for
patient prognostics.
Other clinical ﬁelds have made similar discoveries,
wherein time-dependent variability or decline convey
meaningful independent forms of risk. Evaluation of BP
(28,29), for example, where a variability and/or steep increase in BP over multiple visits has been demonstrated to
convey predictive capacity for mortality (30–33), cardiovascular, and cerebrovascular events (34–39), and related
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Table 1. Selected participant characteristics from American Indians in the Strong Heart Study (1989–1999)
No Extreme eGFR Declinea

Extreme eGFR Declinea

N51930

N5162

100.0 (14.2)
99.6 (16.8)
90.6 (16.2)
55.6 (7.7)
38.7
11.8 (2.9)
60
71
33
124.4 (17.6)
28
30.7 (5.9)
16.7 (19.5)
48
11
45
44

99.5 (18.2)
80.5 (32.0)
36.2 (21.4)
56.7 (7.6)
36.4
10.9 (2.8)
77
95
50
131.5 (19.1)
17
31.1 (4.9)
18.6 (23.7)
378
23
36
41

Characteristics
Examination 1 eGFR, ml/min, mean (SD)
Examination 2 eGFR, ml/min, mean (SD)
Examination 3 eGFR, ml/min, mean (SD)
Age, yr, mean (SD)
Male, %
Formal education, yr, mean (SD)
Household income ,$15K/yr, %
Diabetes, %
Hypertension, %
Systolic BP, mean (SD)
Hyperlipidemia, %
BMI, mean (SD)
Lifetime smoking pack-yr, mean (SD)b
Current drinker at any of visits 1–3, %
Southwest ﬁeld center (N5244), %
Southern Plains ﬁeld center (N5932), %
Northern Plains ﬁeld center (N5916), %

Extreme eGFR decline deﬁned as loss in eGFR .20 ml/min between examination 1 and 3 (1989–1999).
Lifetime smoking pack yr calculated only among current and prior smokers.

a

b

outcomes (40–42), independent of mean BP or presence of
hypertension. Further research to establish patterns of timevarying clinical measurements in AI and their clinical consequences may identify further associations with meaningful, independent patterns of risk. Additionally, alternate
measures of renal function should be measured and
assessed for associations with risk, such as proximal tubular
secretion.
Overall, our ﬁndings of average eGFR loss in AI appear
lower than for other populations. One study reported that
the top 1 percentile of Black patients reportedly lose
23.6 ml/min per year; Hispanics and non-Hispanic Whites
lose approximately 20 ml/min per year; and Asians lose
17.6 ml/min per year (10). However, study methodologies
may not be comparable; previous ﬁndings included an
health maintenance organization population with a broader
age range, and no selection pressure, whereas this study

included a middle-aged and elderly cohort of survivors. A
biethnic study comparing US middle-aged non-Hispanic
Whites and Blacks reported mean percentage annual loss
in eGFR as loss 2.5% (IQR, 0.3%–5.7%), with Black patients
having steeper declines, although the ﬁndings were not
reported stratiﬁed by race (11). We did ﬁnd that age was
not associated with degree of change in eGFR (Table 1),
suggesting that selective survival is not likely to explain our
ﬁndings. Nonetheless, future research may examine broader
age ranges to derive more generalizable estimates of both
typical and extreme eGFR loss patterns.
Our ﬁndings of association with cardiovascular events are
consistent with previous reports of dichotomous glomerular
dysfunction in this same cohort population, in particular
with one study that estimated hazard ratios comparing
participants with CKD stage III (eGFR 30–60 ml/min)
and CKD stage IV and V (eGFR ,30 ml/min) with those

Table 2. Cox proportional hazard model for mortality, cardiovascular, stroke, and coronary events in American Indians from the Strong
Heart Study (1989–1999)

Mortality
N52098
All CVD
N51971
Stroke
N52081
CHF
N52035

Exposure: Loss .20 ml/min

Exposure: CKD

Event
Yr FU,
Mean (SD)

New
Events

Incidence
Rate

Hazard
Ratio

95% Conﬁdence
Interval

P
value

Hazard
Ratio

95% Conﬁdence
Interval

P
value

13.7 (6.4)

1198

0.0418

1.63

1.27 to 2.09

,0.001

3.37

2.70 to 4.19

,0.001

17.7 (4.5)

683

0.0196

1.16

0.84 to 1.59

0.37

1.43

1.09 to 1.88

0.01

19.0 (2.3)

174

0.0044

1.91

1.15 to 3.16

0.01

1.42

0.86 to 2.34

0.17

18.7 (2.9)

256

0.0067

1.14

0.68 to 1.88

0.62

1.68

1.10 to 2.55

0.02

Models excluding prevalent CVD, stroke, and/or CHF as relevant; adjusted for baseline eGFR and/or eGFR slope as relevant; all
adjusted for age, sex, ﬁeld center, smoking, alcohol use, BMI, education, income. FU, follow up; CVD, cardiovascular disease; BMI, body
mass index.
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Table 3. Cox proportional hazard model for mortality, cardiovascular, stroke, and coronary events in American Indians from the Strong
Heart Study (1989–1999) with addition of clinical features as confounders/mediators

Mortality
N52098
All CVD
N51971
Stroke
N52081
CHF
N52035

Exposure: Loss .20 ml/min

Exposure: CKD

Event
Yr FU,
Mean (SD)

New
Events

Incidence
Rate

Hazard
Ratio

95% Conﬁdence
Interval

P
value

Hazard
Ratio

95% Conﬁdence
Interval

P
value

13.7 (6.4)

1198

0.0418

1.41

0.95 to 2.08

0.08

1.72

0.99 to 3.00

0.05

17.7 (4.5)

683

0.0196

1.02

0.64 to 1.64

0.93

1.72

0.90 to 3.32

0.10

19.0 (2.3)

174

0.0044

1.93

0.92 to 4.04

0.08

1.64

0.52 to 5.16

0.40

18.7 (2.9)

256

0.0067

1.31

0.57 to 3.01

0.52

2.70

0.90 to 8.01

0.08

Models excluding prevalent CVD, stroke, and/or CHF as relevant; adjusted for baseline eGFR and/or eGFR slope as relevant; all
adjusted for age, sex, ﬁeld center, smoking, alcohol use, BMI, education, income, hypertension, and diabetes. FU, follow up; CVD,
cardiovascular disease; BMI, body mass index.

who had normal function (eGFR 90–120 ml/min) for outcomes of CHD (HR, 2.2 [95% CI, 1.6 to 3.0] and 3.1 [95% CI,
1.9 to 5.1], respectively), CVD (HR, 1.8 [95% CI, 1.4 to 2.4]
and 2.8 [95% CI, 1.9 to 4.3], respectively), and stroke (HR, 1.7
[95% CI, 0.9 to 2.9] and 1.9 [95% CI, 0.7 to 5.2], respectively)
(26). Our analyses expand this prior work by examining
multiple measures of eGFR, to examine patterns of change
in glomerular ﬁltration over time as an independent feature
of renal function and risk assessment.
One key ﬁnding that warrants additional consideration is
the possible contribution of diabetic nephropathy or other
pathology to these results. Diabetics were more common in
the extreme eGFR loss group (95% versus 71%). When Cox
models for mortality were additionally adjusted for potential mediators that could be part of the causal pathway
(diabetes, hypertension, hyperlipidemia), ﬁndings for slope
were somewhat attenuated; most notably, HR 3.4 (95% CI,
2.7 to 4.2) changed to HR 1.7 (95% CI, 1.0 to 3.0) for
mortality. These ﬁndings suggest there may be confounding
and/or mediation by these clinical features, and therefore
future research may be needed to examine the contribution
of diabetes, hypertension, or hyperlipidemia on these
associations.
Other interpretations of these ﬁndings could explain our
results. Because participants were required to contribute
data to multiple examination visits as an inclusion criterion,
selective survival could inﬂuence the balance of latent health
characteristics among those remaining, such as for CKD,
which lead to measurement error and bias. However, because our estimates of risk are similar to prior studies that
were not be subject to similar confounding or bias, it is not
likely that these issues could solely account for our reported
associations. In any case, interpretation of our ﬁndings
should be focused on individuals who survive at least
8 years after a ﬁrst measurement of GFR.
This project has some other notable strengths and limitations. Chieﬂy, we cannot distinguish in these data between participants who had acute or nonlinear losses in
glomerular function, which can contribute to measurement
error, perhaps accounting for some of observed increases in
eGFR over time. Future research should examine more
ﬁnely tuned patterns of change using additional data-

collection points. The strengths of this study include the
high-quality, standardized study protocol that systematically evaluated clinical factors and endpoints; highly accurate and precise quantiﬁcation of serum creatinine and
standard utilization of a well-characterized estimating equation for glomerular ﬁltration function; and focus on a population disproportionately affected by hypertension, diabetes, kidney disease, CVD, and stroke, with interpretability
that may be informative for other populations experiencing
similar exposure patterns. Additionally, we were unable to
evaluate diagnosed ESKD as an adjudicated time-to-event
outcome, which may be a focus for future research.
In summary, this study comprises the ﬁrst examination of
patterns of change in glomerular ﬁltration function in
a highly burdened minority population, and associations
of such patterns with mortality and cardiovascular outcomes. The implications of these ﬁndings are broad: ﬁrst,
clinical and risk evaluation of patients may beneﬁt from
evaluating change in eGFR over time. Future research
should evaluate the clinical utility of incorporating such
measures into standard practice. Also, these ﬁndings of
associations of mortality, CVD, and CHF with extreme loss
warrant additional consideration. The ﬁndings for cardiovascular outcomes suggest there may be aspects of renal
function that are not well marked by clinical CKD but may
have particular relevance to long-term health.
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