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Introduction: Understanding normative patterns of change in kidney function over the life course may

allow targeting of early interventions to slow or prevent the onset of kidney disease, but knowledge about

kidney functional change before middle age is limited. This study used prospective longitudinal data from

a representative birth cohort to examine common patterns of change from young to midadulthood and to

identify risk factors and outcomes associated with poorer trajectories.

Methods: We used group-based trajectory modeling in the Dunedin study birth cohort (n ¼ 857) to identify

the following: (i) common kidney function trajectories between the ages 32 and 45 years, (ii) early-life

factors associated with those trajectories, (iii) modifiable physical and psychosocial factors across adult-

hood associated with differences in trajectory slope, and (iv) links between trajectories and kidney-related

outcomes at age 45 years.

Results: Three trajectory groups were identified and could be differentiated by age 32 years as follows:

normal (58% of participants), low-normal (36%), and high-risk (6%) groups. Those from low socioeconomic

backgrounds had higher odds of following a high-risk (vs. normal) trajectory. Modifiable factors (blood

pressure, body mass index, inflammation, glycated hemoglobin, smoking, and socioeconomic status)

across adulthood were associated with steeper age-related declines in kidney function, particularly among

those in the low-normal and high-risk groups. Those in the low-normal and high-risk groups also had more

adverse kidney-related outcomes at age 45 years.

Conclusion: The current findings could be used to inform the development of early interventions and point

to socioeconomic conditions across the life course and health-related risk factors and behaviors in

adulthood as kidney health promotion targets.
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socioeconomic inequities.1 CKD is the 12th leading cause
of death, and in 2017, CKD led to 35.8 million years of
healthy life lost.2 However, we do not yet have a clear
understanding of the normative patterns of change in
kidney function over the life course and the factors that
influence such change. Improving our understanding of
these patterns is likely to be important for differenti-
ating healthy versus unhealthy kidney aging and for
informing clinical and public health interventions to
prevent or slow the onset of CKD. Population-based
51
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prospective longitudinal studies provide one of the best
methods for characterizing normative age-related
change in kidney function because they use represen-
tative samples and enable control of between-person
differences and use of prospectively measured cova-
riates.3 They can also elucidate problematic patterns of
change early in the life course, thereby affording the
greatest public health benefit by identifying early
intervention opportunities.4 For example, by examining
average patterns of change in kidney function from
young adulthood to middle age in a US cohort, the
Coronary artery Risk Development in Young Adults
study has identified risk factors for accelerated age-
related decline, such as race and obesity.5,6 Neverthe-
less, to date, most studies of kidney aging have used
repeated cross-sectional designs with different partici-
pants across age ranges,7 or focused only on changes in
kidney function after middle age.8-13

Given the scarcity of longitudinal, general-
population data on common patterns of change in
kidney function before middle age, the purpose of this
study was to use data from a population-representative
birth cohort to investigate normative patterns of
change (“trajectories”) in kidney function from age 32
to 45 years. Using data from the 5-decade “Dunedin
study,”14 the specific aims of this study were to use
group-based trajectory modeling15,16 to identify the
following: (i) common trajectories of change; (ii) early-
life factors linked to healthy or unhealthy trajectories;
(iii) modifiable physical and psychosocial factors asso-
ciated with differences in trajectory slope; and (iv)
associations between trajectories and kidney-related
outcomes at age 45 years. Previous longitudinal
research has highlighted the potential utility of group-
based trajectory modeling in public health research for
identifying distinct common patterns of change and
points of early intervention with key indicators of
cardiovascular, metabolic, and oral health.17-20

although some studies have used similar techniques
to identify latent clusters of kidney-function trajec-
tories and associated risk factors and outcomes, to date,
they have been conducted only in clinical populations
with established kidney disease21,22 or older adult
samples.23 This study aimed to provide novel insights
by examining kidney function trajectories from young
to midadulthood in the general population, thereby
providing the opportunity to elucidate potentially
problematic trajectories years before disease onset.
METHODS

Study Design and Population

Participants were members of the Dunedin study, a
longitudinal investigation of health and behavior in a
52
representative birth cohort. Participants (N ¼ 1037;
91% of eligible births; 52% male) were all individuals
born between April 1972 and March 1973 in Dunedin,
New Zealand, who were eligible based on residence in
the province and who participated in the first assess-
ment at age 3 years.14 The cohort represented the full
range of socioeconomic status in the general population
of New Zealand’s South Island and as adults matched
the New Zealand National Health and Nutrition Survey
on key adult health indicators and the New Zealand
Census of citizens of the same age on educational
attainment.24,25 The cohort is primarily New Zealand
European or White (93%), matching South Island de-
mographics. Assessments were carried out at birth and
at ages 3, 5, 7, 9, 11, 13, 15, 18, 21, 26, 32, 38, and most
recently (completed April 2019) 45 years, when 94%
(n ¼ 938) of the 997 participants still alive took part.
Attrition analyses showed that study members who
participated at the age 45 years assessment phase were
representative of the original cohort (Supplementary
Figure S1). At each assessment, participants came to
the research unit for interviews and examinations. The
New Zealand Health and Disability Ethics Committee
approved the study, and written informed consent was
obtained from all participants.

Primary Kidney Function Measure

Glomerular filtration rate (GFR) indicates overall kid-
ney function, but it is time consuming and expensive
to measure GFR directly. Estimated GFR (eGFR) is a
good proxy commonly used in clinical and research
settings and can be calculated using the standardized
CKD Epidemiology Collaboration equations that incor-
porate serum creatinine and/or cystatin C along with
demographic variables.26-28 In this study, our primary
measure of kidney function was eGFR based on serum
cystatin C. Cystatin C is known to produce more ac-
curate estimates of GFR than creatinine because it is not
influenced by highly variable factors such as hydra-
tion, diet, and muscle mass26,29 and is therefore likely
to be a better indicator of risk at the population level.
Cystatin C was assayed from blood samples taken at
ages 32, 38, and 45 years (details in Supplementary
Materials) and transformed into eGFR using the CKD
Epidemiology Collaboration equations.26

Early-Life Risk Factors
Sex

Sex was recorded as male or female at birth.

Perinatal Risk

Perinatal information was taken from hospital re-
cords.30 Perinatal risk was indicated for participants
whose mothers had diabetes, prediabetes, or
Kidney International Reports (2023) 8, 51–63
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hypertension (mild, moderate, or severe) during preg-
nancy or birth.

Birth Weight

Weight in kilograms was recorded at birth. In line with
International Classification of Diseases–11 criteria,
participants weighing <2.5 kg when they were born
were counted as having low birth weight.31

Socioeconomic Status in Childhood

Socioeconomic status was measured repeatedly from
birth through age 15 years using a scale developed by
Elley and Irving that placed parents’ occupations into 1
of 6 categories on the basis of the educational
achievement and income associated with that occupa-
tion in the New Zealand Census (6 ¼ highest status).32

Consistent with previous Dunedin study work, we
used the average across assessments from 0 to 15 years
of the highest socioeconomic status of either parent to
reflect the cumulative socioeconomic conditions that
study members experienced across childhood (internal
reliability alpha ¼ 0.92).33,34 Participants with an
average score <3 (out of 6) were categorized as having
low socioeconomic status in childhood.

Body Mass Index in Childhood

Height (to the nearest 1 mm) and weight (to the nearest
0.1 kg) at age 15 years were determined using cali-
brated scales, and body mass index (BMI; weight in kg/
height in m2) was computed.35 Participants were
counted as being overweight in childhood if their BMI
at age 15 years was more than 1 standard deviation
above the cohort mean for their sex.36

Familial Risk

Family medical history for study members’ biological
siblings, parents, and grandparents was collected from
multiple informants when study members were aged 30
to 33 years.37,38 Family history data were available for
health problems that are closely related to CKD (heart
disease,39 hypertension,40 and diabetes41), but CKD it-
self was not queried. Following previous Dunedin
study work,38 we calculated for each participant the
proportion of first-degree relatives with heart disease,
hypertension, and diabetes and then summed those
proportions to obtain total familial risk scores for
kidney-related health problems. Participants with a
score in the highest quintile were counted as having
high familial risk.

Time-Varying Covariates
Blood Pressure in Adulthood

Blood pressure at ages 32, 38, and 45 years was
measured in a quiet room by trained assessors, with the
study member in a seated position. A Hawksley
random-zero sphygmomanometer (Hawksley and Sons,
Kidney International Reports (2023) 8, 51–63
United Kingdom) was used at ages 32 and 38 years and
an automatic BpTRU Vital Signs Monitor BPM 200
(BpTRU Medical Devices, Canada) at age 45 years. To
ensure comparability over time, data at age 45 years
were calibrated against the prior Hawksley readings to
account for the change in equipment. High blood
pressure was defined as systolic pressure of $130
mm Hg or taking antihypertensive medication.

BMI in Adulthood

BMI was measured at ages 32, 38, and 45 years in the
same way as in childhood. High BMI was defined as
exceeding 30 kg/m2.42

Systemic Inflammation in Adulthood

We used the following 3 measures of systemic inflam-
mation taken from serum collected at ages 32, 38, and
45 years: high-sensitivity C-reactive protein, fibrin-
ogen, and white blood cells. High systemic inflamma-
tion was defined as exceeding the normal range for
high-sensitivity C-reactive protein (>3 mg/l),43 fibrin-
ogen (>4 g/l),44 or white blood cells (>11 � 109

cells/l).45

Glycated Hemoglobin in Adulthood

Glycated hemoglobin was measured in serum collected
at ages 32, 38, and 45 years, and the concentration
expressed as a percentage of total hemoglobin, as pre-
viously described.46 To ensure comparability over
time, data at age 45 years were calibrated against prior
data up to age 38 years because of a change in assay
method. Participants with a concentration$5.7% were
counted as having high glycated hemoglobin.47

Smoking in Adulthood

At ages 32, 38, and 45 years, study members reported
whether or not they currently smoked tobacco.

Alcohol Consumption in Adulthood

At ages 32, 38, and 45 years, study members reported
their weekly alcohol consumption.48 High alcohol
consumption was defined as exceeding New Zealand
Ministry of Health alcohol consumption guidelines
(>10 alcoholic drinks per week for women or 15 for
men; https://www.health.govt.nz/your-health/healthy-
living/addictions/alcohol-and-drug-abuse/alcohol).

Socioeconomic Status in Adulthood

At ages 32, 38, and 45 years, study members’ current or
most recent (i.e., at the previous assessment phase)
occupation was coded using a 6-point scale (6 ¼
highest status) for occupations in New Zealand; those
without current or recent occupation data were rated
on the basis of their educational achievement according
to criteria in the New Zealand Socioeconomic
Index.49,50
53
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Kidney-Related Outcomes at Age 45 Years
Metabolic Syndrome

Participants were counted as having metabolic syn-
drome at age 45 years if they had at least 3 of the
following risk indicators based on the National
Cholesterol Education Program expert panel on detec-
tion, evaluation, and treatment of high blood choles-
terol in adults [adult treatment panel III], as previously
described51: waist circumference >88 cm for women or
>102 cm for men; systolic blood pressure$130 mm Hg
or diastolic blood pressure $85 mm Hg; high-density
lipoprotein #40 mg/dl for men or 50 mg/dl for
women; triglycerides $2.26 mmol/l; or glycated
hemoglobin $5.7%. Data for high-density lipoprotein
and glycated hemoglobin at age 45 years were cali-
brated against prior data up to age 38 years because of
changes in assay methods.

Albuminuria

Urine albumin and creatinine levels were assayed at age
45 years (details in Supplementary Materials). Albu-
minuria was indicated if participants had a urine al-
bumin to creatinine ratio >3 g/mol.

Cystatin C–Based eGFR to Creatinine-Based eGFR

Ratio

Serum cystatin C and creatinine were assayed at age 45
years (details in Supplementary Materials). Cystatin C–
based eGFR (eGFRcysC) and creatinine-based eGFR
(eGFRsCr) were calculated using the relevant CKD
Epidemiology Collaboration equation.26 Participants
were counted as having a low eGFRcysC to eGFRsCr ratio
(a risk factor for later frailty and mortality) if their
eGFRcysC was more than 15 ml/min per 1.73 m2 below
their eGFRsCr.

52

Self-rated Health

Study members reported their general health using the
following response options: excellent, very good, good,
fair, or poor. Those who selected “fair” or “poor” were
counted as having low self-rated health.

Life Satisfaction

Participants completed the 5-item Satisfaction with Life
scale,53 indicating how strongly they agreed on a
5-point scale (5¼ strongly agree) with the statements:
“In most ways my life is close to ideal,” “The condi-
tions of my life are excellent,” “I am satisfied with my
life,” “So far I have gotten the important things I want
in life,” and “If I could live my life over, I would
change almost nothing.” The items were summed, and
participants with scores in the lowest quintile were
counted as having low life satisfaction.

Data Analysis

We used group-based trajectory modeling15,16 to
identify latent clusters of study members (trajectory
54
groups) following statistically similar patterns of
change in eGFRcysC from age 32 to 45 years. All ana-
lyses were conducted using Stata/IC 16 (StataCorp LLC,
College Station, TX) and the traj plug-in54 and checked
via independent replication by 2 other analysts. Group-
based trajectory modeling is a statistical technique for
understanding clusters of common trajectories or risk
strata, rather than 1 average trajectory or growth curve
for the whole population. It is a type of finite mixture
modeling that estimates the trajectory of each group,
the shape of the trajectories, and the probability that an
individual belongs to a particular group, given their
individual trajectory. Individuals are “assigned” to the
group for which they have the highest probability of
belonging, but these categorizations of continuous data
are not concrete. The probability that an individual
belongs to a particular trajectory group can change
when different covariates are included in the model,
and thus, some individuals may be “reassigned” to a
different group when the model changes. An important
feature of group-based trajectory modeling is that the
groups are not predetermined; they are identified in the
data, and established criteria15 are used to identify the
best model, including the most appropriate number
and shape of trajectories (see Supplementary Materials
and Supplementary Tables S2 and S3 for model selec-
tion details).

We used group-based trajectory modeling because it
is a readily interpretable analysis technique that allows
for the possibility that clusters within the population
tend to follow distinct kidney function trajectories
from young adulthood to middle age, rather than 1
common path for the whole population (e.g., perhaps 1
cluster of individuals shows little age-related change in
that early period of adulthood, whereas another shows
accelerated decline). As demonstrated in previous lon-
gitudinal research with other health indicators such as
BMI,20 blood pressure,19 glycated hemoglobin,18 and
caries,17 group-based trajectory modeling also provides
the opportunity to identify points in the life course at
which trajectories might begin to diverge, thereby
allowing interventions to be targeted as early as
possible and have the greatest impact. Finally, group-
based trajectory modeling enables the examination of
potentially differential impacts of time-varying cova-
riates in each of the groups (i.e., whether some risk
factors have a greater impact on 1 group than another).

Three study members were excluded from our
group-based trajectory analysis because they were
extreme outliers at age 45 years, with clinician-
diagnosed CKD and very low eGFRcysC (<10 ml/min
per 1.73 m2 for 2 study members; the third died be-
tween the ages 38 and 45 years assessment phases).
Although group-based trajectory modeling can handle
Kidney International Reports (2023) 8, 51–63



Figure 1. Summary of the number of study members who participated in the Dunedin study assessments at ages 32, 38, and 45 years, and the
flow through to the 857 study members included in the current group-based trajectory analyses. See Supplementary Table S1 for retention in the
study since its inception. CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate.

Figure 2. Estimated glomerular filtration rate (based on serum cys-
tatin C) and associated 95% confidence intervals (dashed lines) for
the 3 trajectory groups identified in the Dunedin study (derived from
the model without risk factors or time-varying covariates to show the
observed patterns in the population). Individual trajectories are
shown in Supplementary Figure S2. eGFR, estimated glomerular
filtration rate.
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missing dependent variable data, we took a conserva-
tive approach by limiting our analyses to the 857
participants who had cystatin C data for at least 2 of the
3 modeled phases (32, 38, and 45 years) and available
covariate data. Figure 1 summarizes the overall
numbers of participants in the Dunedin Study at ages
32, 38, and 45 years and those included in the current
analyses; retention of the Dunedin study cohort from
its inception through to age 45 years is presented in
Supplementary Table S1.

To identify the most parsimonious set of trajectory
groups, we tested different combinations of trajectory
groups (2, 3, or 4 groups) and shapes (zero-order,
linear, or quadratic). These analyses excluded cova-
riates to characterize the observed trajectories in the
population, averaged across the factors that might in-
fluence individual variation around the estimated tra-
jectory path for a particular group.15 Once the most
parsimonious set of trajectory groups was identified,
we examined 2 covariate types to understand their
relationships with the trajectories as follows: early-life
risk factors (perinatal risk, low birth weight, low
childhood socioeconomic status, childhood overweight,
and familial risk) that could be associated with the
probability of following a particular trajectory, and
time-varying covariates across ages 32 to 45 years
(blood pressure, BMI, systemic inflammation, glycated
hemoglobin, smoking, alcohol consumption, and so-
cioeconomic status) that could be associated with
within-group differences in trajectory slope. We con-
ducted univariate analyses with each early-life risk
factor or time-varying covariate on its own before
Kidney International Reports (2023) 8, 51–63
constructing the following 3 multivariable models: (i)
an early-life model that included early-life risk factors
associated (P < 0.1) with trajectory group membership
in a multinomial logistic regression model that included
all putative risk factors, (ii) an adult model that
included time-varying covariates that were associated
(P < 0.1) with a change in trajectory slope for any
group, and (iii) a life course model that included both
the early-life risk factors and time-varying covariates
in adulthood.

Finally, to test the broad validity of the observed
trajectory groups, we used logistic regression analyses
to examine associations between trajectory group
55



Table 1. Associations between early-life risk factors and cystatin C–based estimated glomerular filtration rate trajectory group membership

Early life risk factor

Univariatea
Multivariable early-life modelb Multivariable life course modelc

BICd [ L9095.24 BIC [ L8903.64

BIC N n (%)e OR 95% CI N n (%))e OR 95% CI N n (%)e OR 95% CI

Sex (% female) �9101.41

High-risk trajectory group 47 23 (49%) (23) 1.15 (0.61, 2.19)

Low-normal trajectory group 312 53% (164) 1.24 (0.89, 1.72)

Normal trajectory group 498 48% (241) Ref

Perinatal risk �9101.91

High-risk trajectory group 46 5 (11%) (5) 1.53 (0.57, 4.11)

Low-normal trajectory group 311 28 (9%) (28) 1.11 (0.61, 1.99)

Normal trajectory group 500 40 (8%) (40) Ref

Low birth weightf �9101.75

High-risk trajectory group 48 1 (2%) 0.43 (0.06, 3.20)

Low-normal trajectory group 310 14 (5%) (14) 0.83 (0.38, 1.82)

Normal trajectory group 499 27 (5%) (27) Ref

Low child socioeconomic status6 �9092.96

High-risk trajectory group 47 20 (43%) 4.05 (2.10, 7.82)i 48 20 (42%) 3.58 (1.83, 7.01)i 103 28 (27%) 1.87 (1.03, 3.41)g

Low-normal trajectory group 309 69 (22%) 1.66 (1.08, 2.53)g 307 69 (22%) 1.57 (1.02, 2.42)g 380 75 (20%) 1.31 (0.80, 2.16)

Normal trajectory group 501 76 (15%) Ref 502 76 (15%) Ref 374 62 (17%) Ref

Childhood overweightf �9096.72

High-risk trajectory group 47 12 (26%) 3.05 (1.43, 6.51)h 48 12 (25%) 2.61 (1.21, 5.66)g 103 23 (22%) 1.87 (0.96, 3.64)

Low-normal trajectory group 308 54 (18%) 1.75 (1.09, 2.81)g 307 55 (18%) 1.72 (1.06, 2.79)g 380 51 (13%) 1.19 (0.67, 2.11)

Normal trajectory group 502 54 (11%) Ref 502 53 (11%) Ref 374 46 (12%) Ref

High familial riskf �8837.86

High-risk trajectory group 44 12 (27%) 1.62 (0.76, 3.45)

Low-normal trajectory group 300 57 (19%) 1.06 (0.69, 1.64)

Normal trajectory group 487 90 (18%) Ref

BIC, Bayesian information criterion; CI, confidence interval; OR, odds ratio; Ref, reference.
aModel includes each potential risk factor on its own.
bMultivariable early-life model includes childhood socioeconomic status and childhood overweight.
cMultivariable life course model includes early-life risk factors (childhood socioeconomic status and childhood overweight) and time-varying covariates in adulthood (blood pressure,
body mass index, systemic inflammation, glycated hemoglobin, smoking, and socioeconomic status).
dBIC; higher values indicate better model fit.
eNumber and percentage with that risk factor in each trajectory group. The sample sizes differ slightly between the univariate models, and between the univariate and multivariable
models because adding different covariates to the model can change individuals’ probabilities of belonging to a particular trajectory group. Hence, when the model changes, some
individuals may be assigned to a different trajectory group.
fSensitivity analyses with continuous versions of these variables revealed the same overall pattern of results.
gP # 0.05.
hP # 0.01.
iP # 0.001.
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membership and the probability of poor kidney-related
outcomes at age 45 years (metabolic syndrome, albu-
minuria, low eGFRcysC-to-eGFRsCr ratio, low self-rated
health, and low life satisfaction).

We used predominantly categorical covariates to
facilitate interpretation, but to ensure that the pattern
was not misleading or distorted by instances of small
cell sizes, we conducted sensitivity analyses in which
all univariate and multivariable analyses were repeated
with continuous versions of the relevant early-life risk
factors (birth weight, childhood socioeconomic status,
childhood BMI, and familial risk), time-varying cova-
riates in adulthood (blood pressure, BMI, individual
inflammation indicators, glycated hemoglobin, and so-
cioeconomic status), and kidney-related outcomes at
age 45 years (urine albumin-to-creatinine ratio, eGFR-
cysC-to-eGFRsCr ratio, self-rated health, and life satisfac-
tion). The overall patterns of results across the
univariate and multivariable analyses were consistent,
56
and therefore, we report only the primary categorical
analyses here. Further sensitivity analyses showed that
the overall pattern of results was consistent when the
model was restricted to the 688 study members with
cystatin C data for all 3 assessment phases, although the
reduced sample size meant that there were some dif-
ferences in the observed P values and statistical
significance.
RESULTS

Identifying Trajectory Groups

The base model with the best overall fit included the
following 3 groups, all with quadratic trajectories: (i)
normal (58% of participants; n ¼ 499), (ii) low-normal
(36%; n ¼ 311), and (iii) high-risk (6%; n ¼ 47).
Figure 2 shows estimated eGFRcysC for each trajectory
group at ages 32, 38, and 45 years and illustrates 3
points. First, there is separation between the groups: at
Kidney International Reports (2023) 8, 51–63



Table 2. Distribution of time-varying covariates in each cystatin
C–based estimated glomerular filtration rate trajectory group
Age 32 38 45

Time-varying covariate
% or mean
(95% CI)

% or mean
(95% CI)

% or mean
(95% CI)

High blood pressure (%)

High-risk trajectory group 24% (13, 39) 24% (13, 39) 31% (19, 46)

Low-normal trajectory group 14% (10, 18) 24% (19, 29) 30% (25, 35)

Normal trajectory group 19% (16, 23) 22% (18, 26) 27% (24, 32)

High body mass index (%)

High-risk trajectory group 37% (24, 52) 40% (26, 55) 58% (43, 72)

Low-normal trajectory group 21% (16, 26) 29% (24, 35) 40% (35, 46)

Normal trajectory group 13% (10, 17) 19% (16, 23) 27% (23, 31)

High systemic inflammation (%)

High-risk trajectory group 39% (25, 56) 37% (23, 53) 34% (21, 50)

Low-normal trajectory group 28% (23, 33) 30% (25, 36) 32% (27, 38)

Normal trajectory group 18% (14, 22) 17% (13, 20) 20% (16, 24)

High glycated hemoglobin (%)

High-risk trajectory group 11% (4, 27) 26% (14, 43) 51% (35, 67)

Low-normal trajectory group 9% (6, 13) 20% (16, 25) 44% (38, 50)

Normal trajectory group 6% (4, 8) 14% (11, 18) 32% (28, 37)

Smoking (%)

High-risk trajectory group 55% (40, 69) 50% (35, 65) 43% (29, 58)

Low-normal trajectory group 39% (33, 44) 30% (26, 36) 30% (25, 35)

Normal trajectory group 21% (17, 25) 15% (12, 19) 13% (10, 16)

High alcohol consumption (%)

High-risk trajectory group 36% (23, 51) 26% (15, 41) 21% (12, 36)

Low-normal trajectory group 26% (22, 32) 29% (24, 34) 30% (25, 35)

Normal trajectory group 27% (24, 32) 27% (26, 31) 33% (29, 37)

Socioeconomic status (mean)

High-risk trajectory group 2.8 (2.4, 3.1) 3.1 (2.6, 3.5) 2.9 (2.5, 3.4)

Low-normal trajectory group 3.1 (2.9, 3.2) 3.6 (3.5, 3.8) 3.6 (3.4, 3.7)

Normal trajectory group 3.4 (3.3, 3.5) 3.9 (3.8, 4.1) 4.0 (3.9, 4.1)

CI, confidence interval.
Trajectory groups are based on the model without risk factors or time-varying cova-
riates to show the observed patterns in the population.
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each assessed age, mean eGFRcysC was significantly
different across groups, with levels highest in the
normal group, intermediate in the low-normal, and
lowest in the high-risk group at each age. Second, mean
eGFRcysC in the high-risk group was abnormal or
approaching abnormal levels as early as age 32 years.
Third, the average rate of decline in the normal group
(0.81 ml/min per 1.73 m2 per year of age) was consistent
with estimates from previous research in healthy
populations,7,55 whereas higher rates were observed in
the low-normal and high-risk groups (1.12 and 1.04 ml/
min per 1.73 m2 per year, respectively).
Early-Life Risk Factors

Perinatal risk, low birth weight, low childhood socio-
economic status, childhood overweight, and familial
risk were considered potential early-life factors that
could be associated with a higher risk of following a
less healthy trajectory. The distribution of each risk
factor in the 3 trajectory groups and the odds of
following a low-normal or high-risk (vs. normal)
Kidney International Reports (2023) 8, 51–63
trajectory are shown in Table 1. In univariate analyses,
growing up in a low socioeconomic household or being
overweight in childhood were associated with higher
odds of following a less healthy trajectory (i.e., being in
the low-normal or high-risk groups). Multinomial
regression with all covariates in the same model indi-
cated that low socioeconomic status and overweight
were the risk factors with notable associations (P < 0.1)
with trajectory group. In the multivariable early-life
model including childhood socioeconomic status and
childhood overweight, both risk factors remained
significantly associated with trajectory group mem-
bership. In the life course model including early-life
risk factors and time-varying covariates, low child-
hood socioeconomic status was significantly associated
with likelihood of assignment to the high-risk group
(compared with the normal group; see Table 1). Thus,
the overall pattern of effects was similar across the
early-life and life course models, although the effect
sizes tended to be smaller in the life course model and
there were some differences in statistical significance.
Indeed, the life course model may have underestimated
associations between the early-life factors (childhood
socioeconomic status and overweight) and kidney
function trajectories in adulthood, given that many of
the time-varying covariates included in the model are
possible mediators of early-life factor kidney function
relationships.

Time-Varying Covariates in Adulthood

Blood pressure, BMI, systemic inflammation, glycated
hemoglobin, smoking, alcohol consumption, and so-
cioeconomic status between the ages 32 and 45 years
were considered potential time-varying covariates. The
prevalence of each covariate in each trajectory group at
ages 32, 38, and 45 years is shown in Table 2. The
estimated difference in trajectory slope per unit change
in each time-varying covariate for each group is shown
in Table 3. For the binary covariates (high blood
pressure, high BMI, high systemic inflammation, high
glycated hemoglobin, high alcohol consumption, and
smoking), slope difference indicates the difference in
trajectory slope between those with versus without
that risk factor. For the continuous variable (socioeco-
nomic status), slope difference indicates the difference
in trajectory slope with each step up on the 6-point
socioeconomic scale. In univariate analyses, all poten-
tial time-varying covariates except high alcohol con-
sumption were associated (P < 0.1) with a change in
trajectory slope in one or more groups. In the multi-
variable adult model including blood pressure, BMI,
systemic inflammation, glycated hemoglobin, smoking,
and socioeconomic status from age 32 to 45 years, high
blood pressure, BMI, and systemic inflammation were
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Table 3. Associations between time-varying covariates and differences in cystatin C–based estimated glomerular filtration rate trajectory slope
in the high-risk, low-normal, and normal trajectory groups

Univariatea Multivariable adult modelb Multivariable life course modelc

BICd [ L8894.60 BIC [ L8903.64

Time-varying covariate BIC Slope differencee 95% CI Slope difference 95% CI Slope difference 95% CI

High blood pressuref �8985.69

High-risk trajectory group �1.48 (�5.48, 2.52) �3.33 (�6.66, 0.01)g �3.30 (�6.64, 0.04)g

Low-normal trajectory group �1.83 (�3.59, �0.08)g �1.66 (�3.29, �0.04)g �1.63 (�3.28, 0.01)g

Normal trajectory group 0.51 (�0.70, 1.73) 0.65 (�0.79, 2.09) 0.65 (�0.78, 2.07)

High body mass indexf �8967.47

High-risk trajectory group �2.66 (�6.97, 1.66) �3.62 (�7.01, �0.22)g �2.81 (�6.43, 0.80)

Low-normal trajectory group �3.79 (�5.62, �1.97)h �4.60 (�6.35, �2.86)h �4.22 (�6.02, �2.41)h

Normal trajectory group �1.30 (�2.65, 0.05) �0.89 (�2.52, 0.74) �0.78 (�2.42, 0.86)

High systemic inflammationf �8970.94

High-risk trajectory group �8.72 (�12.38, �5.06)h �5.19 (�8.51, �1.87)i �5.16 (�8.68, �1.63)i

Low-normal trajectory group �4.39 (�5.94, �2.83)h �3.90 (�5.45, �2.34)h �3.77 (�5.34, �2.19)h

Normal trajectory group �1.51 (�2.81, �0.21)g �1.23 (�2.79, 0.33) �1.21 (�2.75, 0.34)

High glycated hemoglobinf �8959.65

High-risk trajectory group �3.73 (�7.96, 0.51) �3.01 (�6.24, 0.23) �3.29 (�6.63, 0.04)g

Low-normal trajectory group �2.03 (�3.82, �0.23)g �0.82 (�2.53, 0.89) �0.83 (�2.55, 0.88)

Normal trajectory group �0.49 (�1.87, 0.89) �0.22 (�1.86, 1.41) �0.25 (�1.87, 1.36)

Smoking �9066.06

High-risk trajectory group �6.51 (�10.42, �2.61)i �5.56 (�9.00, �2.13)i �5.12 (�8.69, �1.56)i

Low-normal trajectory group �5.56 (�7.29, �3.82)h �6.86 (�8.60, �5.13)h �6.69 (�8.48, �4.90)h

Normal trajectory group �3.36 (�4.89, �1.83)h �2.49 (�4.25, �0.73)i �2.48 (�4.22, �0.74)i

High alcohol consumption �9086.84

High-risk trajectory group 0.44 (�3.75, 4.63)

Low-normal trajectory group 0.12 (�1.49, 1.72)

Normal trajectory group 0.85 (�0.30, 2.00)

Socioeconomic status �9078.73

High-risk trajectory group 1.99 (0.67, 3.31)i 1.41 (0.38, 2.44)i 1.40 (0.32, 2.47)g

Low-normal trajectory group 0.80 (0.29, 1.32)i 0.53 (0.02, 1.04)g 0.45 (�0.07, 0.96)

Normal trajectory group 0.28 (�0.12, 0.68) 0.15 (�0.31, 0.62) 0.12 (�0.34, 0.58)

BIC, Bayesian information criterion; CI, confidence interval.
aModel includes each potential time-varying covariate on its own.
bMultivariable adult model includes blood pressure, body mass index, systemic inflammation, glycated hemoglobin, smoking, and socioeconomic status at ages 32, 38, and 45 years.
cMultivariable life course model includes early-life risk factors (childhood socioeconomic status, childhood overweight) and time-varying covariates in adulthood (blood pressure, body
mass index, systemic inflammation, glycated hemoglobin, smoking, and socioeconomic status).
dBIC; higher values indicate better model fit.
eSlope difference ¼ In each group, the difference in trajectory slope per unit change in the time-varying covariate. For the binary variables (high blood pressure, high body mass index,
high systemic inflammation, high glycated hemoglobin, high alcohol consumption, smoking), slope difference indicates the difference in trajectory slope between those with versus without
that risk factor. For the continuous variable (socioeconomic status), slope difference indicates the difference in trajectory slope with each step up on the 6-point socioeconomic scale.
fSensitivity analyses with continuous versions of these variables revealed the same overall pattern of results.
gP # 0.05.
hP # 0.001.
iP # 0.01.
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associated with a downward shift in eGFRcysC trajec-
tory for those in the high-risk and low-normal groups;
smoking was associated with a downward shift in
trajectory for all 3 groups; and higher socioeconomic
status was associated with an upward shift in trajectory
for the high-risk and poor-normal groups. The results
were similar for the life course model including early-
life risk factors and time-varying covariates, albeit
with some differences in statistical significance. Spe-
cifically, high blood pressure and systemic inflamma-
tion were associated with a downward shift in eGFRcysC

trajectory for those in the high-risk and low-normal
groups, high BMI was associated with a downward
shift for those in the low-normal group, high glycated
hemoglobin was associated with a downward shift for
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those in the high-risk group, smoking was associated
with a downward shift in trajectory for all 3 groups,
and higher socioeconomic status was associated with an
upward shift in trajectory for the high-risk group only
(see Table 3).

Kidney-Related Outcomes at Age 45 Years

Prevalence of 4 outcomes at age 45 years incremented
with trajectory group (Table 4). Those in the high-risk
and low-normal groups were more likely than those in
the normal group to have metabolic syndrome, a low
eGFRcysC-to-eGFRsCr ratio, low self-rated health, and
low life satisfaction at age 45 years. There was a small
numeric trend but no statistically significant group
difference in albuminuria at 45 years.
Kidney International Reports (2023) 8, 51–63



Table 4. Proportion of participants who met criteria for each kidney-
related outcome at age 45 years and the odds of meeting criteria for
each outcome in each eGFRcysC trajectory group
Outcome at age 45 yr % (95% CI) Univariate odds ratio (95% CI)

Metabolic syndrome

High-risk trajectory group 42% (28, 57) 2.66 (1.40, 5.07)a

Low-normal trajectory group 30% (25, 35) 1.55 (1.12, 2.16)a

Normal trajectory group 21% (18, 25) Ref

Albuminuriab

High-risk trajectory group 9% (3, 22) 1.62 (0.54, 4.84)

Low-normal trajectory group 8% (5, 11) 1.34 (0.76, 2.37)

Normal trajectory group 6% (4, 8) Ref

Low eGFRcysC-to-eGFRsCr ratio
b

High-risk trajectory group 48% (33, 63) 71.36 (26.06, 195.45)c

Low-normal trajectory group 13% (10, 18) 12.12 (5.07, 28.98)c

Normal trajectory group 1% (1, 3) Ref

Low self-rated healthb

High-risk trajectory group 24% (14, 39) 7.60 (3.37, 17.16)c

Low-normal trajectory group 13% (10, 18) 3.64 (2.09, 6.34)c

Normal trajectory group 4% (3, 6) Ref

Low life satisfactionb

High-risk trajectory group 47% (33, 61) 3.82 (2.04, 7.16)c

Low-normal trajectory group 34% (29, 39) 2.22 (1.60, 3.09)c

Normal trajectory group 19% (15, 22) Ref

CI, confidence interval; eGFRcysC; cystatin C–based estimated glomerular filtration rate;
eGFRsCr; creatinine-based eGFR; Ref, reference.
aP # 0.01.
bSensitivity analyses with continuous versions of these variables revealed the same
overall pattern of results.
cP # 0.001.
Trajectory groups are based on the model without risk factors or time-varying cova-
riates to show the observed patterns in the population.
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DISCUSSION

This study used prospective longitudinal data to
examine normative patterns of change in kidney
function from young to midadulthood in a general
population cohort. We identified 3 trajectory groups
(normal, low-normal, and high-risk), which differenti-
ated early in adulthood those who seem to be at risk of
kidney function problems later in life. Average rates of
decline per year of age in the normal group were
consistent with previous research in healthy pop-
ulations7,55 and indicate that those in the low-normal
and high-risk groups showed slightly accelerated
decline. Low socioeconomic status and overweight in
childhood were associated with higher odds of
following a high-risk trajectory. Modifiable physical
and psychosocial factors across adulthood including
blood pressure, BMI, systemic inflammation, glycated
hemoglobin, smoking, and lower socioeconomic status
were associated with accelerated age-related declines in
eGFRcysC, with the size of these effects tending to
increment with trajectory risk group. The risk for
negative kidney-related outcomes at age 45 years also
incremented with trajectory risk group, with partici-
pants in the low-normal and high-risk trajectory
groups more likely to have metabolic syndrome
Kidney International Reports (2023) 8, 51–63
(clustered cardiovascular risk factors), low eGFRcysC-to-
eGFRsCr ratio (a risk factor for later frailty and mor-
tality),52 low self-rated health, and low life satisfaction.

The current findings highlight risk strata in the
general population that could be used to inform early
interventions to prevent or slow the onset of CKD. The
strata identified here also underscore the need for public
health attention and investment into the prevention of
CKD. Approximately 6% of people appeared to be at
high-risk; as a group, they had relatively poor kidney
function as early as age 32 years, showed further de-
clines to age 45 years, and had a poor kidney-related
health profile including a relatively high prevalence of
clustered cardiovascular risk factors at age 45 years.
Although small, this group represents significant indi-
vidual and public health cost, especially given the risk
CKD poses for ischemic heart disease and stroke.2 The
second group, comprising approximately one-third
(36%) of the cohort, followed a low-normal trajectory.
These people seem more likely than those following a
normal trajectory to go on to develop reduced kidney
function. Despite relatively normal function in early
adulthood, by middle age, they showed signs of
impairment consistent with stage 2 CKD (eGFR 60�90
ml/min per 1.73 m2). The kidney-related health profile
of the low-normal group was worse than that for those
following a normal trajectory, with outcomes interme-
diate between the high-risk and normal groups. Taken
together, these 2 risk strata make up a sizable propor-
tion (approximately 42%) of the population that could
benefit from early intervention efforts.

Alongside previous research,56-58 the current find-
ings point to modifiable physical and psychosocial
factors across adulthood (in this study, from ages 32–45
years) that could be used to guide public health in-
terventions aimed at preventing or slowing age-related
decline in kidney function. Our findings support the
idea that across young adulthood to midlife, in-
terventions aimed at reducing hypertension, BMI, sys-
temic inflammation, glycated hemoglobin, and smoking
and improving socioeconomic status may help slow age-
related declines in kidney function. Moreover, they
show something akin to a dose-response relationship in
which the associations between time-varying covariates
and kidney function were stronger for those following a
low-normal (than normal) trajectory, and in the case of
blood pressure, systemic inflammation, glycated he-
moglobin, and socioeconomic status, stronger still for
those following a high-risk trajectory. Thus, in-
terventions that reduce modifiable risk factors as early
as possible in the life course could have the greatest
benefit for those most at risk of developing CKD.

This study extends previous research by exam-
ining early life and time-varying covariates in relation
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to the developmental course of kidney function from
young to midadulthood, rather than kidney func-
tional outcomes at a single time point. However, we
did observe some unexpected results. We did not find
statistically significant associations between kidney
function trajectories and some factors that have pre-
viously been linked to impaired kidney function,
including early-life risk factors (low birth weight,
other perinatal risk factors, familial risk59-61) and
proteinuria62 in adulthood. It is possible that these
links were not yet evident in our general population
(as opposed to clinical) cohort at age 45 years but may
become more so as study members age, a larger pro-
portion show evidence of CKD and comorbid condi-
tions, and trajectories diverge. It is also possible that
we did not have sufficient power to detect some of the
smaller observed effects, particularly in the high-risk
group.

The main strengths of this study include the use of
prospective longitudinal data from a representative
general population cohort followed with high reten-
tion14 from birth to middle age, the consistent collec-
tion and analysis of kidney biomarker data from young
to midadulthood, and the use of group-based trajectory
modeling to elucidate putative risk strata and identify
possible points of early intervention. There are also
some limitations that should be taken into account.
Although we were able to consider inequities associ-
ated with socioeconomic circumstances in childhood,
we could not consider the same in relation to ethnicity
because of low ethnic diversity in the Dunedin study.
We were limited to examining eGFRcysC trajectories
across the 3 assessment points in adulthood for which
cystatin C data could be obtained (ages 32, 38, and 45
years). Given this limited window, it is important to
note the possibility that kidney function trajectories
might diverge earlier in life than was evident here.
Moreover, albuminuria data were only available at age
45 years; therefore, we could not examine concurrent
change in eGFRcysC and albuminuria. To provide
further insight into the normative patterns of change in
kidney function across the life course and the earliest
possible points of intervention, future longitudinal
research should seek to investigate kidney function
across a wider age range (ideally, from childhood
through to older adulthood), in ethnically diverse
samples, and with multiple biomarkers. Note also that
the trajectories are approximations of reality and may
not generalize to other indicators of kidney function or
other populations. Future research should seek to
replicate these findings in different cohorts to further
validate the risk strata identified here.

General population data on within-person change in
kidney function are rare, particularly early in
60
adulthood. By identifying common patterns of change
in kidney function from young to midadulthood and
correlated early-life risk factors and time-varying
covariates across adulthood, the current findings can
help to inform the development and early imple-
mentation of public health interventions aimed at
protecting kidney health and preventing disease before
it manifests. Future research is needed to confirm the
trajectories identified here. Nevertheless, the current
findings provide information that could be used in
development and targeting of early interventions. In
particular, they point to socioeconomic circumstances
across the life course and health-related risk factors and
behaviors in adulthood as important kidney health
promotion targets.
DISCLOSURE

All the authors declared no competing interests.

ACKNOWLEDGMENTS

We thank the Dunedin Multidisciplinary Health and

Development Study members, Unit research staff, and

study founder Dr. Phil Silva, University of Otago. The

Dunedin Multidisciplinary Health and Development

Research Unit is based at University of Otago within the

Ng�ai Tahu tribal area who we acknowledge as first peo-

ples, tangata whenua, of this land. The Dunedin Multidis-

ciplinary Health and Development Research Unit is

supported by the Health Research Council of New Zealand

and New Zealand Ministry of Business, Innovation and

Employment. This research was also funded by the US

National Institute on Aging (NIA) grant nos. R01AG032282

and R01AG049789, and the UK Medical Research Council

grant no. MR/P005918/1. RT was supported by a Health

Research Council of New Zealand (HRC) M�aori Health

Emerging Leader Fellowship grant no. 18/644.

SUPPLEMENTARY MATERIAL

Supplementary File (PDF)

Supplementary References.

Assay Details.

Figure S1. Distribution of childhood SES, ACEs, self-

control, and IQ among the full cohort of Dunedin study

members and those who at age 45 were deceased, alive,

seen (i.e., participated in that assessment phase), or MRI

scanned.

Figure S2. Individual estimated glomerular filtration rate

(based on serum cystatin C) trajectories for participants

assigned to the high-risk, low-normal, and normal

trajectory groups (derived from the model without any

risk factors or time-varying covariates).

Table S1. Participant retention in the Dunedin study, birth

to age 45 years.
Kidney International Reports (2023) 8, 51–63

https://doi.org/10.1016/j.ekir.2022.10.005


H Guiney et al.: Midlife Kidney Function Trajectories CLINICAL RESEARCH
Table S2. Goodness-of-fit (BIC) statistics by trajectory

group configurations (number and shape).

Table S3. Model statistics for the selected trajectory model

(3 groups; all quadratic trajectories).
REFERENCES

1. Bello AK, Levin A, Tonelli M, et al. Assessment of global

kidney health care status. JAMA. 2017;317:1864–1881. https://

doi.org/10.1001/jama.2017.4046

2. GBD Chronic Kidney Disease Collaboration. Global, regional,

and national burden of chronic kidney disease, 1990–2017: a

systematic analysis for the Global Burden of Disease Study

2017 Lancet. 2020;395:709–733. https://doi.org/10.1016/S0140-

6736(20)30045-3

3. Muntner P. Longitudinal measurements of renal function.

Semin Nephrol. 2009;29:650–657. https://doi.org/10.1016/j.

semnephrol.2009.07.010

4. Shlipak MG, Tummalapalli SL, Boulware LE, et al. The case

for early identification and intervention of chronic kidney

disease: conclusions from a Kidney Disease: Improving

Global Outcomes (KDIGO) Controversies Conference. Kidney

Int. 2021;99:34–47. https://doi.org/10.1016/j.kint.2020.10.012

5. Grubbs V, Lin F, Vittinghoff E, et al. Body mass index and

early kidney function decline in young adults: a longitudinal

analysis of the CARDIA (Coronary artery Risk Development in

Young Adults) study. Am J Kidney Dis. 2014;63:590–597.

https://doi.org/10.1053/j.ajkd.2013.10.055

6. Peralta CA, Vittinghoff E, Bansal N, et al. Trajectories of kid-

ney function decline in young black and white adults with

preserved GFR: results from the coronary artery risk devel-

opment in young adults (CARDIA) study. Am J Kidney Dis.

2013;62:261–266. https://doi.org/10.1053/j.ajkd.2013.01.012

7. Eriksen BO, Palsson R, Ebert N, et al. GFR in healthy aging:

an individual participant data meta-analysis of iohexol

clearance in European population-based cohorts. J Am Soc

Nephrol. 2020;31:1602–1615. https://doi.org/10.1681/ASN.

2020020151

8. Sesso R, Prado F, Vicioso B, Ramos LR. Prospective study of

progression of kidney dysfunction in community-dwelling

older adults. Nephrology (Carlton). 2008;13:99–103. https://

doi.org/10.1111/j.1440-1797.2008.00919.x

9. Hemmelgarn BR, Zhang J, Manns BJ, et al. Progression of

kidney dysfunction in the community-dwelling elderly. Kid-

ney Int. 2006;69:2155–2161. https://doi.org/10.1038/sj.ki.

5000270

10. Rifkin DE, Shlipak MG, Katz R, et al. Rapid kidney function

decline and mortality risk in older adults. Arch Intern Med.

2008;168:2212–2218. https://doi.org/10.1001/archinte.168.20.

2212

11. Salimi S, Shardell MD, Seliger SL, et al. Inflammation and

trajectory of renal function in community-dwelling older

adults. J Am Geriatr Soc. 2018;66:804–811. https://doi.org/10.

1111/jgs.15268

12. de Boer IH, Katz R, Fried LF, et al. Obesity and change in

estimated GFR among older adults. Am J Kidney Dis.

2009;54:1043–1051. https://doi.org/10.1053/j.ajkd.2009.07.018

13. Shankar A, Sun L, Klein BEK, et al. Markers of inflammation

predict the long-term risk of developing chronic kidney
Kidney International Reports (2023) 8, 51–63
disease: a population-based cohort study. Kidney Int.

2011;80:1231–1238. https://doi.org/10.1038/ki.2011.283

14. Poulton R, Moffitt TE, Silva PA. The Dunedin Multidisciplinary

Health and Development Study: overview of the first 40

years, with an eye to the future. Soc Psychiatry Psychiatr

Epidemiol. 2015;50:679–693. https://doi.org/10.1007/s00127-

015-1048-8

15. Nagin D. Group-Based Modeling of Development. Harvard

University Press; 2009.

16. Nagin DS, Jones BL, Passos VL, Tremblay RE. Group-

based multi-trajectory modeling. Stat Methods Med Res.

2018;27:2015–2023. https://doi.org/10.1177/0962280216673

085

17. Broadbent JM, Thomson WM, Poulton R. Trajectory patterns

of dental caries experience in the permanent dentition to the

fourth decade of life. J Dent Res. 2008;87:69–72. https://doi.

org/10.1177/154405910808700112

18. Shearer DM, Thomson WM, Broadbent JM, et al. High-risk

glycated hemoglobin trajectories established by mid-20s:

findings from a birth cohort study. BMJ Open Diabetes Res

Care. 2016;4:e000243. https://doi.org/10.1136/bmjdrc-2016-

000243

19. Theodore RF, Broadbent J, Nagin D, et al. Childhood to early-

midlife systolic blood pressure trajectories: early-life pre-

dictors, effect modifiers, and adult cardiovascular outcomes.

Hypertens (Dallas: Tex. 2015;66:1108–1115. https://doi.org/10.

1161/HYPERTENSIONAHA.115.05831

20. De Rubeis V, Andreacchi AT, Sharpe I, et al. Group-based

trajectory modeling of body mass index and body size over

the life course: a scoping review. Obes Sci Pract. 2021;7:100–

128. https://doi.org/10.1002/osp4.456

21. Boucquemont J, Loubère L, Metzger M, et al. Identifying

subgroups of renal function trajectories. Nephrol Dial Trans-

plant. 2017;32(suppl_2):ii185–i193. https://doi.org/10.1093/

ndt/gfw380

22. Burckhardt P, Nagin DS, Padman R. Multi-trajectory models

of chronic kidney disease progression. AMIA Annu Symp

Proc. 2017;2016:1737–1746.

23. Kaito S, Taniguchi Y, Kitamura A, et al. Trajectories of kidney

function and associated factors among community-dwelling

older Japanese: a 16-year longitudinal study. Clin Exp

Nephrol. 2020;24:330–338. https://doi.org/10.1007/s10157-

019-01837-z

24. Poulton R, Hancox R, Milne B, Baxter J, Scott K,

Wilson N. The Dunedin Multidisciplinary Health and

Development Study: are its findings consistent with the

overall New Zealand population? N Z Med J. 2006;119:

U2002.

25. Richmond-Rakerd LS, D’Souza S, Andersen SH, et al.

Clustering of health, crime and social-welfare inequality

in 4 million citizens from two nations. Nat Hum Behav.

2020;4:255–264. https://doi.org/10.1038/s41562-019-0810-4

26. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomer-

ular filtration rate from serum creatinine and cystatin C.

N Engl J Med. 2012;367:20–29. https://doi.org/10.1056/

NEJMoa1114248

27. Delgado C, Baweja M, Crews D, et al. A unifying approach for

GFR estimation: Recommendations of the NKF-ASN Task

Force on reassessing the inclusion of race in diagnosing
61

https://doi.org/10.1001/jama.2017.4046
https://doi.org/10.1001/jama.2017.4046
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.1016/S0140-6736(20)30045-3
https://doi.org/10.1016/j.semnephrol.2009.07.010
https://doi.org/10.1016/j.semnephrol.2009.07.010
https://doi.org/10.1016/j.kint.2020.10.012
https://doi.org/10.1053/j.ajkd.2013.10.055
https://doi.org/10.1053/j.ajkd.2013.01.012
https://doi.org/10.1681/ASN.2020020151
https://doi.org/10.1681/ASN.2020020151
https://doi.org/10.1111/j.1440-1797.2008.00919.x
https://doi.org/10.1111/j.1440-1797.2008.00919.x
https://doi.org/10.1038/sj.ki.5000270
https://doi.org/10.1038/sj.ki.5000270
https://doi.org/10.1001/archinte.168.20.2212
https://doi.org/10.1001/archinte.168.20.2212
https://doi.org/10.1111/jgs.15268
https://doi.org/10.1111/jgs.15268
https://doi.org/10.1053/j.ajkd.2009.07.018
https://doi.org/10.1038/ki.2011.283
https://doi.org/10.1007/s00127-015-1048-8
https://doi.org/10.1007/s00127-015-1048-8
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref15
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref15
https://doi.org/10.1177/0962280216673085
https://doi.org/10.1177/0962280216673085
https://doi.org/10.1177/154405910808700112
https://doi.org/10.1177/154405910808700112
https://doi.org/10.1136/bmjdrc-2016-000243
https://doi.org/10.1136/bmjdrc-2016-000243
https://doi.org/10.1161/HYPERTENSIONAHA.115.05831
https://doi.org/10.1161/HYPERTENSIONAHA.115.05831
https://doi.org/10.1002/osp4.456
https://doi.org/10.1093/ndt/gfw380
https://doi.org/10.1093/ndt/gfw380
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref22
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref22
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref22
https://doi.org/10.1007/s10157-019-01837-z
https://doi.org/10.1007/s10157-019-01837-z
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref24
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref24
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref24
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref24
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref24
https://doi.org/10.1038/s41562-019-0810-4
https://doi.org/10.1056/NEJMoa1114248
https://doi.org/10.1056/NEJMoa1114248


CLINICAL RESEARCH H Guiney et al.: Midlife Kidney Function Trajectories
kidney disease. J Am Soc Nephrol. 2021;32(12):2994–3015.

https://doi.org/10.1681/ASN.2021070988

28. Levey AS, Stevens LA, Schmid CH, et al. A new equation to es-

timate glomerular filtration rate. Ann Intern Med. 2009;150:604–

612. https://doi.org/10.7326/0003-4819-150-9-200905050-00006

29. Shlipak MG, Matsushita K, Ärnlöv J, et al. Cystatin C versus

creatinine in determining risk based on kidney function.

N Engl J Med. 2013;369:932–943. https://doi.org/10.1056/

NEJMoa1214234

30. Stanton WR, McGee R, Silva A. Indices of perinatal compli-

cations, family background, child rearing, and health as pre-

dictors of early cognitive and motor development. Pediatrics.

1991;88:954–959.

31. International Classification of Diseases, Eleventh Revision

(ICD-11). World Health Organization. 2021. Accessed

December 10, 2021. https://icd.who.int/en

32. Elley WB, Irving JC. Revised socio-economic index for New

Zealand. NZ J Educ Stud. 1976;11:25–36.

33. Poulton R, Caspi A, Milne BJ, et al. Association between

children’s experience of socioeconomic disadvantage and

adult health: a life-course study. Lancet. 2002;360:1640–1645.

https://doi.org/10.1016/S0140-6736(02)11602-3

34. Wright BRE, Caspi A, Moffitt TE, et al. Reconsidering the

relationship between SES and delinquency: causation but not

correlation. Criminology. 1999;37:175–194. https://doi.org/10.

1111/j.1745-9125.1999.tb00483.x

35. Belsky DW, Caspi A, Goldman-Mellor S, et al. Is obesity

associated with a decline in intelligence quotient during the

first half of the life course? Am J Epidemiol. 2013;178:1461–

1468. https://doi.org/10.1093/aje/kwt135

36. de Onis M, Onyango AW, Borghi E, et al. Development of a

WHO growth reference for school-aged children and adoles-

cents. Bull World Health Organ. 2007;85:660–667. https://doi.

org/10.2471/blt.07.043497

37. Melchior M, Moffitt TE, Milne BJ, et al. Why do children from

socioeconomically disadvantaged families suffer from poor

health when they reach adulthood? A life-course study. Am J

Epidemiol. 2007;166:966–974. https://doi.org/10.1093/aje/

kwm155

38. Milne BJ, Moffitt TE, Crump R, et al. How should we construct

psychiatric family history scores? A comparison of alternative

approaches from the Dunedin Family Health History Study.

Psychol Med. 2008;38:1793–1802. https://doi.org/10.1017/

S0033291708003115

39. Go AS, Chertow GM, Fan D, et al. Chronic kidney disease and

the risks of death, cardiovascular events, and hospitalization.

N Engl J Med. 2004;351:1296–1305. https://doi.org/10.1056/

NEJMoa041031

40. Weldegiorgis M, Woodward M. The impact of hypertension

on chronic kidney disease and end-stage renal disease is

greater in men than women: a systematic review and meta-

analysis. BMC Nephrol. 2020;21:506. https://doi.org/10.1186/

s12882-020-02151-7

41. Chen J, Muntner P, Hamm LL, et al. Insulin resistance and risk

of chronic kidney disease in nondiabetic US adults. J Am Soc

Nephrol. 2003;14:469–477. https://doi.org/10.1097/01.asn.

0000046029.53933.09

42. Centers for Disease Control and Prevention (CDC). Defining

adult overweight and obesity. 2022. https://www.cdc.gov/

obesity/adult/defining.html2022
62
43. Pearson TA, Mensah GA, Alexander RW, et al. Markers of

inflammation and cardiovascular disease: application to

clinical and public health practice: a statement for healthcare

professionals from the Centers for Disease Control and Pre-

vention and the American Heart Association. Circulation.

2003;107:499–511. https://doi.org/10.1161/01.cir.0000052939.

59093.45

44. Mackie IJ, Kitchen S, Machin SJ, et al. Guidelines on fibrin-

ogen assays. Br J Haematol. 2003;121:396–404. https://doi.

org/10.1046/j.1365-2141.2003.04256.x

45. Dean L. Blood Groups and Red Cell Antigens. National Center

for Biotechnology Information; 2005.

46. Elliott ML, Caspi A, Houts RM, et al. Disparities in the pace of

biological aging among midlife adults of the same chrono-

logical age have implications for future frailty risk and policy.

Nat Aging. 2021;1:295–308. https://doi.org/10.1038/s43587-

021-00044-4

47. National Cholesterol Education Program. Third Report of the

National Cholesterol Education Program (NCEP) Expert Panel

on Detection, Evaluation, and Treatment of High Blood

cholesterol in Adults (Adult Treatment Panel III) final report.

Circulation. 2002;106:3143–3421. https://doi.org/10.1161/circ.

106.25.3143

48. Rasmussen LJH, Caspi A, Ambler A, et al. Association be-

tween elevated suPAR, a new biomarker of inflammation,

and accelerated aging. J Gerontol A Biol Sci Med Sci.

2020;76:318–327. https://doi.org/10.1093/gerona/glaa178

49. Davis P, Jenkin G, Coope P, et al. The New Zealand Socio-

economic Index of Occupational Status: methodological

revision and imputation for missing data. Aust N Z J Public

Health. 2004;28:113–119. https://doi.org/10.1111/j.1467-842x.

2004.tb00922.x

50. Milne B, Byun U, Lee A. New Zealand Socioeconomic Index,

2006. Statistics New Zealand; 2013.

51. Israel S, Moffitt TE, Belsky DW, et al. Translating personality

psychology to help personalize preventive medicine for

young adult patients. J Pers Soc Psychol. 2014;106:484–498.

https://doi.org/10.1037/a0035687

52. Potok OA, Katz R, Bansal N, et al. The difference between

cystatin C and creatinine-based estimated GFR and incident

frailty: an analysis of the cardiovascular health study (CHS).

Am J Kidney Dis. 2020;76:896–898. https://doi.org/10.1053/j.

ajkd.2020.05.018

53. Pavot W, Diener E. Review of the Satisfaction With Life Scale.

Springer; 2009:101–117 pp.

54. Jones BL, Nagin DS. A note on a Stata plugin for estimating

group-based trajectory models. Sociol Methods Res. 2013;42:

608–613. https://doi.org/10.1177/0049124113503141

55. Cohen E, Nardi Y, Krause I, et al. A longitudinal assessment of

the natural rate of decline in renal function with age.

J Nephrol. 2014;27:635–641. https://doi.org/10.1007/s40620-

014-0077-9

56. Yun HR, Kim HW, Chang TI, et al. Increased risk of chronic

kidney disease associated with weight gain in healthy adults:

insight from metabolic profiles and body composition. Front

Med (Lausanne). 2021;8:705881. https://doi.org/10.3389/fmed.

2021.705881

57. Akchurin OM, Kaskel F. Update on inflammation in chronic

kidney disease. Blood Purif. 2015;39:84–92. https://doi.org/10.

1159/000368940
Kidney International Reports (2023) 8, 51–63

https://doi.org/10.1681/ASN.2021070988
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1056/NEJMoa1214234
https://doi.org/10.1056/NEJMoa1214234
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref30
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref30
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref30
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref30
https://icd.who.int/en
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref32
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref32
https://doi.org/10.1016/S0140-6736(02)11602-3
https://doi.org/10.1111/j.1745-9125.1999.tb00483.x
https://doi.org/10.1111/j.1745-9125.1999.tb00483.x
https://doi.org/10.1093/aje/kwt135
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.1093/aje/kwm155
https://doi.org/10.1093/aje/kwm155
https://doi.org/10.1017/S0033291708003115
https://doi.org/10.1017/S0033291708003115
https://doi.org/10.1056/NEJMoa041031
https://doi.org/10.1056/NEJMoa041031
https://doi.org/10.1186/s12882-020-02151-7
https://doi.org/10.1186/s12882-020-02151-7
https://doi.org/10.1097/01.asn.0000046029.53933.09
https://doi.org/10.1097/01.asn.0000046029.53933.09
https://www.cdc.gov/obesity/adult/defining.html2022
https://www.cdc.gov/obesity/adult/defining.html2022
https://doi.org/10.1161/01.cir.0000052939.59093.45
https://doi.org/10.1161/01.cir.0000052939.59093.45
https://doi.org/10.1046/j.1365-2141.2003.04256.x
https://doi.org/10.1046/j.1365-2141.2003.04256.x
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref45
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref45
https://doi.org/10.1038/s43587-021-00044-4
https://doi.org/10.1038/s43587-021-00044-4
https://doi.org/10.1161/circ.106.25.3143
https://doi.org/10.1161/circ.106.25.3143
https://doi.org/10.1093/gerona/glaa178
https://doi.org/10.1111/j.1467-842x.2004.tb00922.x
https://doi.org/10.1111/j.1467-842x.2004.tb00922.x
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref50
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref50
https://doi.org/10.1037/a0035687
https://doi.org/10.1053/j.ajkd.2020.05.018
https://doi.org/10.1053/j.ajkd.2020.05.018
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref53
http://refhub.elsevier.com/S2468-0249(22)01817-4/sref53
https://doi.org/10.1177/0049124113503141
https://doi.org/10.1007/s40620-014-0077-9
https://doi.org/10.1007/s40620-014-0077-9
https://doi.org/10.3389/fmed.2021.705881
https://doi.org/10.3389/fmed.2021.705881
https://doi.org/10.1159/000368940
https://doi.org/10.1159/000368940


H Guiney et al.: Midlife Kidney Function Trajectories CLINICAL RESEARCH
58. Orth SR, Hallan SI. Smoking: A risk factor for progression of

chronic kidney disease and for cardiovascular morbidity and

mortality in renal patients. Absence of evidence or evidence

of absence? Clin J Am Soc Nephrol. 2008;3:226–236. https://

doi.org/10.2215/CJN.03740907

59. Cunningham MW Jr, LaMarca B. Risk of cardiovascular dis-

ease, end-stage renal disease, and stroke in postpartum

women and their fetuses after a hypertensive pregnancy. Am

J Physiol Regul Integr Comp Physiol. 2018;315:R521–R528.

https://doi.org/10.1152/ajpregu.00218.2017

60. White SL, Perkovic V, Cass A, et al. Is low birth weight an

antecedent of CKD in later life? A systematic review of
Kidney International Reports (2023) 8, 51–63
observational studies. Am J Kidney Dis. 2009;54:248–261.

https://doi.org/10.1053/j.ajkd.2008.12.042

61. Zhang J, Thio CHL, Gansevoort RT, Snieder H. Familial ag-

gregation of CKD and heritability of kidney biomarkers in the

general population: the lifelines cohort study. Am J Kidney

Dis. 2021;77:869–878. https://doi.org/10.1053/j.ajkd.2020.11.

012

62. Peterson JC, Adler S, Burkart JM, et al. Blood pressure con-

trol, proteinuria, and the progression of renal disease. The

modification of diet in renal disease study. Ann Intern Med.

1995;123:754–762. https://doi.org/10.7326/0003-4819-123-10-

199511150-00003
63

https://doi.org/10.2215/CJN.03740907
https://doi.org/10.2215/CJN.03740907
https://doi.org/10.1152/ajpregu.00218.2017
https://doi.org/10.1053/j.ajkd.2008.12.042
https://doi.org/10.1053/j.ajkd.2020.11.012
https://doi.org/10.1053/j.ajkd.2020.11.012
https://doi.org/10.7326/0003-4819-123-10-199511150-00003
https://doi.org/10.7326/0003-4819-123-10-199511150-00003

	Kidney-Function Trajectories From Young Adulthood to Midlife: Identifying Risk Strata and Opportunities for Intervention
	Methods
	Study Design and Population
	Primary Kidney Function Measure
	Early-Life Risk Factors
	Sex
	Perinatal Risk
	Birth Weight
	Socioeconomic Status in Childhood
	Body Mass Index in Childhood
	Familial Risk

	Time-Varying Covariates
	Blood Pressure in Adulthood
	BMI in Adulthood
	Systemic Inflammation in Adulthood
	Glycated Hemoglobin in Adulthood
	Smoking in Adulthood
	Alcohol Consumption in Adulthood
	Socioeconomic Status in Adulthood

	Kidney-Related Outcomes at Age 45 Years
	Metabolic Syndrome
	Albuminuria
	Cystatin C–Based eGFR to Creatinine-Based eGFR Ratio
	Self-rated Health
	Life Satisfaction

	Data Analysis

	Results
	Identifying Trajectory Groups
	Early-Life Risk Factors
	Time-Varying Covariates in Adulthood
	Kidney-Related Outcomes at Age 45 Years

	Discussion
	Disclosure
	Acknowledgments
	Supplementary Material
	References


