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Abstract The cumulative exposure to apolipopro-
tein B (apoB)-containing lipoproteins in the blood
during early adult life is a central determinant of
atherosclerotic cardiovascular disease risk. To date,
the patterns and rates of change in apoB through early
adult life have not been described. Here, we used
NMR to measure apoB concentrations in up to 3055
Coronary Artery Risk Development in Young Adults
(CARDIA) Study participants who attended the years
2(Y2),7(Y7),15 (Y15), 20 (Y20), and 30 (Y30) exams. We
examined individual-level spaghetti plots of apoB
change, and we calculated average annualized rate of
apoB concentration change during follow-up. We
used multivariable linear regression models to assess
the associations between CARDIA participant charac-
teristics and annualized rates of apoB change. Male
sex, higher measures of adiposity, lower HDL-C,
lower Healthy Eating Index, and higher blood pres-
sures were observed more commonly in individuals
with higher apoB level at Y2 and Y20. Inter- and intra-
individual variation in apoB concentration over time
was substantial—while the mean (SD) rate of change
was 0.52 (1.0) mg/dl/year, the range of annualized
rates of change was —6.26 to +9.21 mg/dl/year. At
baseline, lower first apoB measurement, female sex,
White race, lower BMI, and current tobacco use were
associated with apoB increase. BiWe conclude that the
significant variance in apoB level over time and the
modest association between baseline measures and
rates of apoB change suggest that the ability to predict
an individual’s future apoB serum concentrations,
and thus their cumulative apoB exposure, after a one-
time assessment in young adulthood is low.
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Apolipoprotein B100 (apoB) is the primary structural
protein and binding ligand for the atherogenic
lipoprotein particles: VLDL, remnant, IDL, LDL, and
lipoprotein (a) (Lp(a)) (1, 2). Each atherogenic lipopro-
tein particle contains one molecule of apoB. Genetic
polymorphisms at different loci that mediate lipid
metabolism (i.e., LDLR, LPA, and others) and differences
in LDL-receptor density, cholesterol and triglyceride
(TG) exchange, insulin resistance, and lifestyle factors
result in substantial interindividual differences in the
number of apoB-containing particles for a given total
mass of cholesterol and TG (3, 4). Thus, measurement
of apoB concentration captures the aggregate burden
of atherogenic lipoprotein particles present in the
blood more precisely than the measurement of the
cholesterol concentration in LDL (LDL-C) or non-HDL
(non-HDL-C).

The retention of apoB-containing lipoproteins in
the subendothelial space, as well as the chronic in-
flammatory response to these particles, is central to
the pathogenesis of atherosclerosis and subsequent
atherosclerotic cardiovascular disease (ASCVD) events
(5, 6). ApoB blood concentrations have strong associa-
tions with subclinical atherosclerosis and incident
ASCVD (7). Because of its ability to quantify the burden
of atherogenic lipoprotein particle number more
completely and accurately than non-HDL-C, multiple
studies suggest that apoB is a superior marker of
ASCVD risk, particularly in the 8-20% of people who
have higher or lower than average apoB levels for a
given non-HDL-C level (8). Nonetheless, other clinical
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markers of atherogenic lipoprotein burden like non-
HDL-C and LDL-C are commonly used in clinical
practice.

Since apoB is a causal determinant of atherosclerosis
(9), and exposure to atherogenic lipoproteins across
early adult life is a strong predictor of ASCVD risk
(10, 11), it is important to understand normative apoB
concentrations in young adults, their patterns and rates
of change through midlife, and the predictors of
change. Furthermore, understanding how these rates
of change compare to other commonly used measures
of atherogenic burden may help inform the clinical
utility of apoB measurement in young adults, as more
stable measures may serve as more reliable markers of
an individual patient’s expected future burden of
atherogenic lipoproteins, and they may perform better
as long-term ASCVD risk markers in young adults. To
date, the patterns and rates of change in apoB con-
centrations within the same individuals across young
adulthood have not been described. Here, we report the
first descriptions of the rates of intraindividual apoB
change, as well as predictors of change, and we
compare these rates of change for other commonly
used measures of atherogenic lipoprotein burden,
across early adult life using unique data from over
3,055 Coronary Artery Risk Development in Young
Adults (CARDIA) study participants.

MATERIALS AND METHODS

Study sample

The CARDIA study recruited 5,115 black and white men
and women aged 18-30 years in 1985-1986 from four sites
across the United States: Birmingham, AL; Chicago, IL; Min-
neapolis, MN; and Oakland, CA. Participants were sampled to
achieve a cohort balanced by race (52% black and 48% white),
sex (55% female and 45% male), education (40% with 12 years
and/or younger, 60% with more than 12 years of education),
and age (45% 18-24 years and 55% 25-30 years). CARDIA
participants have undergone in-person examinations at
baseline (year 0: YO) and at Y2, Y5, Y7, Y10, Y15, Y20, Y25, and
Y30 (12). Retention rates among surviving participants at each
in-person examination have been high, at 91, 86, 81, 79, 74, 72,
72, and 71%, respectively. Contact is maintained with partici-
pants via telephone, mail, or e-mail every 6 months, with
annual medical history ascertainment between in-person ex-
aminations. Over the last 5 years, >90% of the surviving
cohort members have been directly contacted, and follow up
for vital status is virtually complete through related contacts
and intermittent National Death Index searches.

Inclusion criteria

Since we were interested in understanding the natural
history of apoB concentration change across early adulthood,
we included samples from participants who had samples
available at Y20 and at least two of three from Y15, Y7, or Y2
(n = 3,055). For patients who met these inclusion criteria, we
also included data from Y30 when it was available (N = 2,474).
Of the 3,055, we measured apoB in all those with available
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serum or plasma samples at Y2 (N = 1,881), Y7 (N = 2,582), Y15
(N = 2474), Y20 (N = 3,055), and Y30 (N = 2,474). The char-
acteristics of included and excluded participants are pre-
sented in supplemental Table S2.

Traditional risk factor and lifestyle measurement

Age, race, and sex were determined via self-report. Height,
weight, and waist circumference were measured with the
participants in light clothing using a standardized stadi-
ometer, tape measure, and calibrated scale; BMI (kg/ m2) was
calculated. Detailed dietary data are available for YO0, Y7, and
Y20. Dietary data obtained at baseline were used to represent
Y2 dietary patterns. The CARDIA dietary data were obtained
via an interview-administered method that included a short
questionnaire regarding general dietary practices followed by
a comprehensive questionnaire about typical intake of foods
(about 100 header questions such as “do you eat meat,” fol-
lowed by open-ended responses in answer to that header
question). Detailed data on portion sizes, frequency of con-
sumption, and common additives were conducted on foods
that were regularly consumed as well (12, 13). Dietary data
were designed to reflect the habitual intake (past month) of
CARDIA participants. From these diet history data, the
Healthy Eating Index (HEI) at Y2 and Y20 was calculated and
used to represent overall dietary quality (14).

At each CARDIA examination, participants were given the
interviewer-administered Physical Activity (PA) History
Questionnaire. In brief, participants were asked about self-
reported leisure time activity and the frequency of partici-
pation in 13 specific PA categories (eight of vigorous and five
of moderate intensity) of recreational sports, structured ex-
ercise, home maintenance, and occupational activities during
the preceding 12 months. Intensity of each activity was
expressed as metabolic equivalents (15, 16). The PA score
summed frequency time intensity over the 13 activities to get
total activity (in exercise units).

Blood pressure was measured after 5 min of rest in the
seated position using a random zero mercury sphygmoma-
nometer, replaced from Y20 forward with an Omron oscill-
ometer (calibrated to the random zero). The means of the
second and third systolic and diastolic measurements were
used. Alcohol intake, smoking habits, and educational attain-
ment were determined with the use of standardized and
validated questionnaires. Blood pressure- and cholesterol-
lowering medication use was determined by self-report.

After a 12-h fast, blood was drawn from a vein in the
antecubital fossa into a Vacutainer, coated with EDTA for
plasma. Serum and plasma samples were obtained and stored
at —80°C for future analysis. Plasma samples were transported
on dry ice to the Northwest Lipid Research Center in Seattle,
Washington. Plasma concentrations of total cholesterol and
TGs were measured using a standard enzymatic assay. HDL-C
was quantified after precipitation with dextral sulfate-
magnesium chloride on ABA 200 Biochromatic instrument
(Abbott Laboratories, North Chicago, IL). LDL-C was calcu-
lated using the Friedewald equation (17) and non-HDL-C by
the difference between total cholesterol and HDL-C.

ApoB and LDL particle (LDL-P) were measured from
frozen serum (Y2) and EDTA plasma (Y7, Y15, Y20, and Y30)
samples by NMR spectroscopy at Labcorp (Morrisville, NC)
using the high-throughput Vantera® Clinical NMR Analyzer
platform. ApoB was quantified using partial least squares
regression modeling of the lipid methyl and methylene
spectral region as previously described (18). ApoB concentra-
tions produced by this assay have been extensively validated
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as equivalent to those measured by immunoassay (R = 0.98),
with precision and accuracy verified quarterly by blinded
Centers for Disease Control and Prevention Lipids Stan-
dardization Program proficiency testing (18). LDL-P was
quantified by NMR LipoProfile® analysis using the LP4 decon-
volution algorithm (18, 19).

Only serum was available for the Y2 samples. Because of
well-described dilution effects that occur in EDTA plasma
tubes (20), we applied a previously derived CARDIA-specific
correction factor for total cholesterol of 0.9666 to the NMR-
derived apoB and LDL-P measures that were obtained from
the Y2 serum separator tubes.

Statistical analysis

To describe the characteristics associated with different
apoB concentrations in midlife, we stratified participants into
quartiles of apoB concentration at Y20 and showed the
participant characteristics by Y20 quartiles at the Y2, Y7, Y15,
Y20, and Y30 exams. We compared demographics, anthro-
pometrics, lifestyle behaviors, and traditional risk factor data
across quartiles using ANOVA and Chi-square tests as
appropriate.

To understand the shifts in apoB concentration distribu-
tion over time in CARDIA, we generated separate distribu-
tions of apoB at exam years 2, 7, 15, 20, and 30. To visualize
individual-level change in apoB, LDL-P, LDL-C, and non-
HDL-C concentrations, we generated spaghetti plots of the
individual participant’s lipoprotein concentrations across
exams. Since the overall pattern of change appeared mostly
linear, we calculated annualized rates of lipoprotein change.
Individual annualized rates of change were calculated by
subtracting the last measured atherogenic lipoprotein mea-
sure (Y20 or Y30) value by the first measured value. This
difference in atherogenic lipoprotein level was then divided
by the time between the first and last atherogenic lipoprotein
measurement value. We then calculated separate quartiles of
atherogenic lipoprotein annualized rate of change, and Y2,
Y20, and Y30 characteristics were compared across quartiles.
We also created a distribution of atherogenic lipoprotein
change as well as individual-level waterfall plot of annualized
rate of change. To compare intraindividual variability over
time, we generated distributions of the percent annual change
in each lipid measure.

We used linear regression models to assess the associations
between characteristics and rates of apoB change. Models
were adjusted as follows: model I: first measurement of apoB
to account for the level at which the participant’s apoB began;
model 2: model 1 + demographics; model 3: model 2 +
commonly measured clinical characteristics at baseline (HDL-
C, systolic blood pressure, BMI, blood pressure-lowering
therapy, diabetes mellitus [DM] status, current tobacco use,
PA [exercise units], serum glucose, and diet [HEI]); and model
4: model 2 + yearly averages (for characteristics not assessed
at each exam) or cumulative values (for those characteristics
assessed at all exams) of the commonly measured clinical
characteristics used in model 3. Multicollinearity was tested
between the selected independent variables using the vari-
ance inflation factor, and none was found.

To assess the association of lipid-lowering therapy during
follow-up, we repeated the analyses outlined above after
removing all participants (N = 717) who reported taking lipid-
lowering pharmacotherapy from examination Y2 though
Y30 as a sensitivity analysis. Furthermore, more than 2,000
participants did not meet NMR analysis criteria and were not
included in the primary analysis. To impute the missing
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factors, we conducted multiple imputation by chained equa-
tions with fully conditional specification using the SAS MI
package (SAS Institute, Cary, NC) (21). NMR lipid measure-
ments and related risk factors from all visits were included
sequentially in the model specification. We excluded those
participants who died prior to exam year 7 (two exam visits
for annualized apoB change calculation), and finally, 5,066
participants were included in the imputation model. We
created 10 imputed datasets, and the imputed values were set
to missing after participants died. The distribution of cova-
riates between the observed and imputed dataset was similar.
Each regression analysis described above was performed
separately in each of the imputed datasets, and the results
were combined using Rubin’s rules. SAS, version 9.4, was used
for the analysis (22).

RESULTS

Cohort participant characteristics

Participant characteristics at Y2 and Y20, stratified by
quartile of apoB concentration at Y20, are presented in
Tables 1 and 2, respectively. The mean (SD) apoB at the
Y2 exam was 85.2 (20.2) mg/dl. At the Y2 exam, par-
ticipants in the higher Y20 apoB quartiles were more
likely to be men, have a higher BMI, greater waist
circumference, higher blood pressure, and have lower
HEL Those in the higher Y20 apoB strata had lower
HDL-C and higher Y2 apoB, LDL-C, non-HDL-C, and
TG levels as well.

Participant characteristics at Y20, stratified by quartile
of apoB concentration at Y20, are presented in Table 2.
The mean (SD)apoB level was 95.9 (20.5) mg /dl at the year
20 exam. As was seen for the Y2 characteristics, when
compared with those in lower quartiles of apoB level,
CARDIA participants with higher apoB levels at Y20
exam (mean age = 45 years) were more likely to be men
and have higher BMI, waist circumference, and blood
pressures. Participants with higher apoB at Y20 were also
more likely to have lower HDL-C and higher glucose. As
expected, the cholesterol and TG concentrations in the
apoB lipoproteins were higher as well. There were no
significant differences in self-reported saturated fat
intake, though the HEI was lower in higher apoB groups.
There were no significant differences in self-reported
PA level at Y20 across apoB quartiles.

The characteristics for exam Y7, Y15, and Y30
are presented in supplemental Table SIA-C. The asso-
ciations between characteristics and apoB quartile were
similar in Y7, Y15, and Y30 when compared with Y20,
though the absolute differences in these characteristics
at Y7 and Y15 were smaller than were observed at Y20
and Y30.

Distributions of apoB

The distributions of apoB stratified by race and sex
across exam years 2, 7, 15, 20, and 30 are presented in
Fig. 1. The mean (SD) apoB concentrations at exam
years 2, 7,15, 20, and 30 were 85.2 (20.2), 85.8 (21.5), 92.7
(20.2), 95.9 (20.5), and 97.9 (20.3) mg/dl, respectively.
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TABLE 1. Exam year 2—characteristics of CARDIA participants by exam year 20 apoB concentration quartile

ApoB concentration quartile (N) (range)

0-25% (n = '763)

95-50% (n = 764)

50-75% (n = 764) 75-100% (n = 764)

Variable (331-817 mg/dI) (81.7-93.9 mg /dl) (93.9-108.0 mg/dl) (108.0-196.8 mg /dl) P
Black, % 354 (46.4%) 354 (46.3%) 341 (44.6%) 322 (421%) 0.30
Male, % 998 (39.1%) 997 (38.9%) 339 (44.4%) 407 (53.3%) <001
Age, years 27.0 (3.6) 271 (3.6) 27.3 (3.5) 27.3 (3.5) 0.21
Educational status, years 14.5 (24) 14.5 (2.3) 14.5 (2.3) 14.3 (24) 0.38
ApoB concentration, mg/ 72.9 (17.7) 82.8 (18.0) 86.9 (16.6) 97.1 (20.3) <0.01
dl}l
Total cholesterol, mg/dl 161.0 (30.9) 176.6 (31.2) 181.7 (30.1) 199.5 (34.5) <0.01
HDL-C, mg/dl 509 (1) 507 (122) 489 (119) 480 (12.8) <001
Non-HDL-C, mg/dl 110.1 (30.3) 125.9 (29.6) 132.8 (27.8) 1515 (33.5) <0.01
LDL-C, mg/dl 95.9 (28.2) 111.9 (28.5) 118.2 (26.6) 134.7 (30.9) <0.01
LDL-P concentration, 962.3 (317.9) 1120.2 (304.6) 1191.2 (299.7) 1368.8 (358.8) <001
nmol/1
TG concentration, mg/dl 776 (44.3) 786 (44.5) 825 (424) 96.6 (59.5) <0.01
BMI, kg/m? 946 (5.3) 951 (5.4) 952 (4.8) 955 (5.0) <001
Waist circumference, cm 77.8 (12.3) 79.0 (12.5) 80.0 (11.2) 81.7 (114) <0.01
Systolic blood pressure, 1066 (10.8) 107.0 (105) 1073 (10.]) 1094 (10.7) <001
mm Hg
Diastolic blood pressure, 66.8 (9.1) 67.0 (9.7) 674 (92) 68.7 (9.0) <0.01
mm Hg
Serum glucose, mg/dl 85.4 (184) 845 (134) 85.0 (10.6) 86.0 (14.0) 0.38
PA intensity score 397.3 (296.0) 360.7 (284.3) 3771 (277.2) 3947 (2874) 0.18
HEI score (0-100) 629 (9.7) 62.4 (9.4) 623 (9.) 613 (93) <001
Saturated fats (% of 14.0 (3.) 14.1 (29) 14.2 (28) 14.2 (29) 057
energy)
Proteins (% of energy) 14.9 (25) 148 (27) 14.9 (26) 149 (27) 097
Carbohydrates (% of 46.4 (7.7 46.3 (74) 454 (6.7) 458 (7.3) 0.03
energy)
Hypertension treatment, % 18 (1.7%) 28 (8.7%) 21 (2.8%) 16 (2.2%) 0.08
Diabetes treatment, % 9 (12%) 7 (0.9%) 2 (0.3%) 11 (1.5%) 0.10
Prevalent diabetes, % 11 (1.5%) 11 (1.5%) 6 (0.8%) 16 (21%) 0.21
Prevalent hypertension, % 18 (2.4%) 39 (5.2%) 30 (4.0%) 25 (3.3%) 0.04
Current smoking, % 183 (24.7%) 173 (23.1%) 192 (25.9%) 209 (28.0%) 0.16
Regular alcohol use, % 462 (71.4%) 446 (70.6%) 455 (70.7%) 460 (73.7%) 0.57

Continuous measures presented as mean and SD in parentheses. Categorical variables are presented as number and percentage in

parentheses.

*Mean apoB concentration derived from the 1,881 participant samples that were analyzed via NMR.

Correlations between apoB and other measures of
atherogenic lipoproteins

As expected, the correlation coefficients for apoB
and non-HDL-c, LDL-C, and LDL-P measured at the
Y20 exam are 0.89, 0.87, and 0.94, respectively. The
correlations are similar across exam years 2, 7, 15,
and 30.

Intraindividual change in apoB over time

Spaghetti plots representing individual-level change
over time for CARDIA participants, stratified by the
decile of their first apoB concentration measurement,
are presented in Fig. 2.

Qualitatively, across all strata of first baseline apoB
measurement, the interindividual variance in apoB
appears to increase over the early adult life course (i.e,
there is a widening distribution over time among in-
dividuals with very similar baseline apoB concentra-
tions). The pattern of change for most participants
appears to be fairly linear, with those in the lower
baseline level more likely to increase over time and
those in highest strata somewhat more likely to
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decrease over time. Although several outlier measure-
ments are present for each exam year, on subsequent
measurements, the values for those individuals appear
more normative. Patterns of change were similar for
non-HDL-C, LDL-C, and LDL-P though the absolute
ranges of these values at baseline and at Y30 were
greater (data not shown).

Distribution of annualized rate of change

The waterfall plot of individual-level annualized rate
of absolute change in apoB is presented in Fig. 3. The
mean (SD) rate of change was 0.52 (1.00) mg/dl/year,
with a range of —6.2 to 9.2 mg/dl/year from a partici-
pant mean age of 27 through 45 years. White females
had a slightly higher average mean rate of change,
at +0.64 mg/dl/year (95% CI: 0.57-0.71), than observed
in all other race/sex groups (mean rate and 95% CI:
black male = +0.40 [+0.32 to +0.49], white male = +0.47
[+0.40 to +0.54], and black female = +0.50 [+0.43
to +0.56] mg/dl/year). The distributions of annualized
rates of change in sex and race groups are presented in
supplemental Fig. S1.
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TABLE 2. The Y20 characteristics of CARDIA participants by the Y20 examination apoB concentration quartile

ApoB concentration quartile (N) (range)

0-25% (n = '763)

95-50% (n = 764)

50-75% (n = 764)

75-100% (n = 764)

Variable (331-817 mg/dI) (817-989 mg/dI) (93.9-108.0 mg/dI) (108.0-196.8 mg/dl) P
Black, % 354 (46.4%) 354 (46.3%) 341 (44.6%) 322 (42.1%) 0.30
Male, % 298 (39.1%) 997 (38.9%) 339 (44.4%) 407 (53.3%) <001
Age, years 450 (36) 452 (36) 453 (36) 455 (3.5) 0.07
Educational status, years 152 (2.6) 151 (2.5) 15.1 (2.5) 14.8 (2.5) <0.01
ApoB, mg/dl 719 (82) 88.0 (3.5) 1004 (4.1) 193.4 (13.4) <0.01
Total cholesterol, mg/dl 153.9 (20.7) 1779 (179) 1955 (17.0) 9988 (25.2) <001
HDL-C, mg/dl 562 (15.3) 559 (15.4) 533 (15.1) 497 (14.0) <0.01
Non-HDL-C, mg/dl 9777 (16.4) 1220 (13.0) 1422 (123) 1791 (28.9) <001
LDL-C, mg/dl 814 (14.8) 104.8 (12.1) 123.0 (12.0) 152.2 (24.0) <0.01
LDL-P concentration, 891.0 (175.6) 1157.2 (138.1) 1384.1 (148.9) 1780.3 (279.2) <0.01
nmol/1
TG concentration, mg/dl 86.6 (52.7) 95.5 (54.1) 107.8 (59.3) 151.5 (104.9) <0.01
BML kg/m? 279 (7.3) 29.0 (7.0) 997 (6.5) 30.7 (6.7) <0.01
Waist circumference, cm 87.5 (16.5) 90.5 (15.6) 92.7 (14.2) 96.5 (14.5) <0.01
Systolic blood pressure, 113.8 (14.9) 114.9 (15.3) 1153 (13.8) 1186 (13.8) <0.01
mm Hg
Diastolic blood pressure, 70.2 (11.6) 715 (11.2) 72.4 (10.6) 74.6 (10.4) <0.01
mm Hg
Serum glucose, mg/dl 90.1 (21.4) 91.2 (23.9) 90.1 (16.1) 95.5 (29.3) <0.01
PA intensity score 352.7 (279.3) 344.7 (288.9) 319.7 (254.4) 335.1 (279.0) 0.1
HEI score (0-100) 70.8 (10.9) 701 (10.2) 69.7 (10.2) 686 (10.1) <0.01
Saturated fats (% of 113 (32) 115 (32) 116 (34) 117 (2.9) 012
energy)
Protein (% of energy) 155 (36) 155 (38) 155 (36) 157 (37) 0.60
Carbohydrates (% of 473 (94) 468 (9.7) 46.7 (94) 470 (9.7) 065
energy)
Hypertension treatment, % 121 (15.9%) 126 (16.5%) 132 (17.3%) 153 (20.0%) 0.15
Diabetes treatment, % 69 (9.0%) 59 (7.7%) 47 (6.2%) 56 (7.3%) 0.20
Prevalent diabetes, % 74 (9.7%) 64 (8.4%) 54 (7.1%) 73 (9.6%) 0.22
Prevalent hypertension, % 151 (19.8%) 166 (21.8%) 164 (21.5%) 189 (24.7%) 0.13
Current smoking, % 132 (17.5%) 120 (15.8%) 157 (20.7%) 158 (20.9%) 0.03
Regular alcohol use, % 419 (56.1%) 399 (53.1%) 408 (54.7%) 403 (53.9%) 0.69

Continuous measures presented as mean and SD in parentheses. Categorical variables are presented as number and percentage in

parentheses.

The Y2 characteristics of quartiles of annualized rate of
change quartiles are presented in Table 3. The mean (SD)
rates of change in the lowest to the highest quartile of
change were —0.7 (0.7), +0.3 (0.2), +0.8 (0.2), and +1.7 (0.6)
mg/dl/year, respectively. Notably, the quartiles with the
lowest rate of increase (—0.7 mg/dl/year) had the highest
initial apoB concentration of 102.7 (21.0) mg/dl, and the
group with the highest rate of increase (+1.7 mg/dl/year)
had the lowest starting apoB concentration of 76.1 (16.1)
mg/dl Participants in the higher rate of increase quartiles
were more likely to be women and have lower BMI, waist
circumference, glucose, blood pressure, higher PA and
HEI, and a lower prevalence of DM than was observed in
the lowest rate of change quartile (Table 3).

The Y20 characteristics of quartiles of annualized
rate of change are presented in Table 4. The higher
rate of change quartiles had a higher HDL-C and
higher concentrations of atherogenic cholesterol frac-
tions. Interestingly, the TG concentrations were highest
in the lowest and highest apoB change quartiles. Those
in the higher rate of change groups had lower Y20
systolic blood pressures, lower BMI and waist circum-
ference, and lower serum glucose levels than were
observed in the lower rate of change groups. There
were higher HEI and PA scores in participants in the
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highest rate of change quartiles when compared with
the lowest rate of change. Regular alcohol use was
higher in the higher rate of apoB change quartiles.

Spaghetti plots of intraindividual change, stratified
by baseline apoB quartile and annualized rate of
change quartile, are shown in supplemental Fig. S2. Of
those in the lowest quartile of first measured apoB, the
mean (SD) rate of change was +1.0 (0.69) mg/dl/year.
Further decreases in apoB were unusual in this baseline
stratum. Of those in the middle two quartiles of base-
line apoB measurement, the distribution across strata of
change was more balanced than was seen in the highest
or lowest baseline strata. In those in the highest baseline
stratum of apoB, the mean (SD) rate of change was —0.2
(L1) mg/dl/year.

Baseline and cumulative predictors of rate of
change

The beta coefficients of linear regression models
assessing the participant characteristics that are asso-
ciated with rates of change in apoB are presented in
Table 5. In multivariable analysis, lower first
measured apoB, female sex, white race, lower BMI,
and current tobacco use at the Y2 exam were sig-
nificant predictors of a higher rate of change in

Change in apoB across early adult life 5



NMR Apob in CARDIA
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Fig. 1. The distribution of apoB concentration by examination year and sex/race groups in CARDIA.

apoB across early adulthood. When cumulative
participant characteristic levels across follow-up were
considered (model 4) in multivariable modeling, fe-
male sex, white race, lower HDL-C, lower glucose, and
alcohol use were associated with an increasing annu-
alized rate of apoB change.

Sensitivity analyses. The characteristics of those
included versus excluded participants are presented
in supplemental Table S2. When using an imputed
dataset, we observed similar findings regarding to the
mean and range of apoB across all exam years, and
the average annualized rate of apoB change between
first and last measured apoB. In multivariable models,
all the predictors as well as their relative strength of
association with apoB change were similar to the
unimputed dataset. When CARDIA participants who
initiated lipid-lowering therapy during follow-up
were removed from the analysis dataset, the mean
BMI, TG level, glucose, and DM prevalence in the
lowest rate of change quartile at Y20 were lower than
observed in the primary analysis, suggesting that
some of the decrease in apoB in that group was due
to the use of lipid-lowering therapy in higher risk
individuals. However, removal of treated participants
resulted in very minor differences in the annualized
rates of change and had no effect on multivariable
predictors of apoB change over time.
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Comparison of the variation in rates of change
between apoB and non-HDL-C, LDL-C, and LDL-P

The distributions of percent annual change for apoB,
non-HDL-C, LDL-C, and LDL-P are shown in Fig. 4. The
ranges of percent change for LDL-P, LDL-C, and non-
HDL-C are larger than the range of percent change for
apoB. The SDs of the percent annualized rate of change
for apoB, non-HDL-C, LDL-C,and LDL-P were 1.2,1.4, 1.5,
and 1.7, respectively. As shown in Fig. 4, close to 40% of
CARDIA participants had a negative annualized percent
change in non-HDL-C, LDL-C, and LDL-P during early
adult life, whereas approximately 20% of CARDIA par-
ticipants had a negative annualized percent change in
apoB. The mean percent change was +0.77, +0.46, +0.20,
and +0.62 for apoB, non-HDL-C, LDL-C, and LDL-P,
respectively. Across all exams, the absolute ranges of
non-HDL-C, LDL-C, and LDL-P values are greater than
apobB, thus the modest differences in percent change in
LDL-C, non-HDL-C, and LDL-P reflect, on average,
larger annual changes in absolute value over time in
these measures (per percent change) when compared
with apoB.

DISCUSSION

Leveraging unique data from a well-phenotyped
cohort of young adults followed for two decades with
multiple measures of apoB, we describe distributions of
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A Spaghetti Plot by deciles of 1st apoB
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Fig. 2. Change in apoB from first apoB measurement (exam 2 or 7) through the Y30 exam stratified by decile of first apoB
measurement presented as spaghetti plots (panel A) and box plots (panel B). *(Lowest first apoB at top left and highest first apoB at
bottom right).

apoB concentrations and demonstrate only modest  across the early adult life course, and intraindividual
differences in distributions by sex across young adult-  change in apoB over time tended to be linear. The
hood. We also observed that apoB levels are dynamic =~ mean (SD) rate of change was 0.52 (1.0) mg/dl/year,
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[Quartile of first apoB measurement
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Fig. 3. Waterfall plot of the individual-level annualized rate o

with a range of —6.26 to +9.21 mg/dl/year. The baseline
apoB concentration was significantly and inversely
associated with apoB change, whereas female sex, lower
BMI, and higher HDL-C level had more modest

f apoB change.

associations with increasing apoB during the early adult
life course. The substantial interindividual variation in
apoB change over time as well as the relatively modest
associations between baseline clinical characteristics

TABLE 3. Y2 characteristic comparison by quartile of annualized apoB concentration change (last-first apoB/years between

measurements)

Variable 0-25% (n="1768) 25-50% (n=764) 50-75% (n=764) 75-100% (n="764) P

Annualized apoB change, mg/dl/year —0.7 (0.7) 0.3 (0.2) 0.8 (0.2) 1.7 (0.6) <0.01
First apoB, mg/dl 1027 (21.0) 8458 (16.9) 779 (15.6) 76.1 (16.1) <0.01
Last apoB, mg/dl 86.1 (17.0) 91.7 (16.9) 981 (15.7) 114.6 (20.8) <0.01
Black, % 361 (47.3%) 363 (47.5%) 327 (42.8%) 320 (41.9%) 0.05
Male, % 364 (47.7%) 361 (47.3%) 310 (40.6%) 306 (40.1%) <001
Age, years 276 (3.5) 27.0 (3.6) 27.0 (3.6) 270 (3.6) <0.01
Educational status, years 14.3 (2.4) 144 (2.3) 14.7 (2.3) 14.3 (2.3) 0.02
Total cholesterol, mg/dl 204.7 (38.2) 177.7 (29.5) 169.3 (28.1) 167.8 (28.0) <0.01
HDL-C, mg/dl 49.2 (13.5) 49.8 (12.7) 50.0 (1L.2) 49.3 (12.7) 0.68
Non-HDL-C, mg/dl 1555 (36.8) 1279 (29.1) 119.3 (27.0) 1185 (274) <001
LDL-C, mg/dl 1376 (34.6) 1185 (28.0) 1057 (25.8) 1048 (264) <001
LDL-P concentration, nmol/1 1423.0 (392.6) 1143.5 (310.5) 1050.3 (271.8) 1031.0 (273.1) <0.01
TG concentration, mg/dl 1033 (66.0) 814 (414) 752 (39.6) 75.7 (37.0) <0.01
BMI, kg/m? 26.6 (5.8) 252 (5.2) 24.3 (4.6) 24.3 (4.5) <0.01
Waist circumference, cm 834 (13.9) 79.6 (11.9) 776 (10.7) 77.9 (10.0) <0.01
Systolic blood pressure, mm Hg 1095 (1L1) 1084 (10.3) 106.0 (10.4) 106.3 (10.1) <0.01
Diastolic blood pressure, mm Hg 69.5 (10.3) 67.6 (8.7) 66.6 (8.7) 66.3 (8.9) <0.01
Serum glucose, mg/dl 89.3 (22.3) 84.8 (10.5) 83.6 (9.7) 83.0 (94) <0.01
PA intensity score 3486 (2733) 4021 (30L5) 394.3 (273.7) 3041(2938) <001
HEI score (0-100) 611 (9.4) 62.0 (9.5) 629 (9.2) 629 (94) <0.01
Saturated fats (% of energy) 14.1 (28) 14.2 (29) 14.1 (29) 14.1 (30) 068
Proteins (% of energy) 14.9 (2.5) 14.8 (2.6) 14.8 (2.6) 14.9 (2.8) 0.83
Carbohydrates (% of energy) 454 (7.3) 459 (74) 46.3 (7.1) 463 (7.4) 0.07
Hypertension treatment, % 35 (4.7%) 12 (1.6%) 15 (2.0%) 16 (2:2%) <0.01
Diabetes treatment, % 10 (1.8%) 6 (0.8%) 5 (0.7%) 8 (L1%) 0.56
Prevalent diabetes, % 21 (2.8%) 9 (1.2%) 6 (0.8%) 8 (11%) <0.01
Prevalent hypertension, % 53 (7.0%) 21 (2.8%) 18 (2.4%) 20 (2.7%) <0.01
Current smoking, % 203 (27.1%) 179 (24.0%) 171 (22.9%) 204 (27.8%) 0.09
Regular alcohol use, % 445 (71.0%) 454 (71.8%) 455 (70.8%) 469 (72.7%) 0.86
Prevalent coronary artery calcification >0 at Y25 exam, % 257 (40.0%) 173 (26.5%) 138 (21.9%) 148 (24.5%)  <0.01

Heavy drinking defined as >1 drink per day for women and >2 drinks per day for men. Continuous measures presented as mean and SD

in parentheses. Categorical variables are presented as number and percentage in parentheses.
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TABLE 4. Y20 characteristic comparison by quartile of annualized apoB concentration change (last-first apoB/years between

measurements)

Variable 0-25% (n=763)  25-50% (n =764) 50-75% (n=764) 75-100% (n=764) P

Annualized apoB change, mg/dl/year —-0.7 (0.7) 0.3 (0.2) 0.8 (0.2) 1.7 (0.6) <0.01
First apoB, mg/dl 1027 (21.0) 84.8 (16.9) 779 (156) 76.1 (16.1) <001
Last apoB, mg/dl 86.1 (17.0) 917 (16.9) 98.1 (15.7) 1146 (208) <001
Black, % 361 (47.3%) 363 (47.5%) 327 (42.8%) 320 (41.9%) 0.05
Male, % 364 (47.7%) 361 (47.3%) 310 (40.6%) 306 (40.1%)  <0.01
Age, years 45.7 (3.5) 45.1 (3.6) 451 (3.6) 451 (3.6) <0.01
Educational status, years 14.9 (2.6) 15.0 (2.5) 154 (2.5) 151 (2.6) <0.01
Total cholesterol, mg/dl 186.8 (35.3) 1835 (324) 186.0 (31.3) 1998 (348) <001
HDL-C, mg/dl 51.8 (15.3) 53.7 (15.2) 553 (15.2) 54.3 (15.0) <0.01
Non-HDL-C, mg/dl 134.9 (35.7) 129.8 (32.9) 130.7 (31.4) 145.6 (35.0) <0.01
LDL-C, mg/dl 1127 (31.5) 1106 (29.0) 1129 (28.7) 1252 (313) <001
LDL-P concentration, nmol/1 13105 (393.3) 1251.0 (368.4) 1249.5 (344.0) 1402.5 (387.9) <0.01
TG concentration, mg/dl 1241 (95.7) 1057 (70.0) 9811 (57.8) 1136 (70.3) <0.01
BMI, kg/m? 30.5 (7.8) 294 (6.8) 28.6 (6.7) 28.8 (6.3) <0.01
Waist circumference, cm 95.5 (17.6) 916 (15.4) 89.5 (15.1) 90.6 (13.3) <0.01
Systolic blood pressure, mm Hg 1171 (15.5) 115.7 (14.5) 114.1 (14.4) 115.7 13.8) <0.01
Diastolic blood pressure, mm Hg 73.5 (1L.9) 72.3 (10.9) 70.8 (10.7) 72.1 (10.6) <0.01
Serum glucose, mg/dl 97.3 (33.3) 90.5 (18.3) 89.0 (15.1) 90.1 (21.2) <0.01
PA intensity score 3015 (2528)  344.5 (2874) 3533 (269.1) 3529 (2902) <001
HEI score (0-100) 68.9 (10.4) 69.4 (10.8) 70.8 (10.0) 70.1 (10.3) <0.01
Saturated fats (% of energy) 113 (3.0) 11.7 (3.3) 114 (3.2) 11.8 (3.1) 0.01
Proteins (% of energy) 158 (4.0) 154 (3.7) 154 (34) 156 (36) 0.12
Carbohydrates (% of energy) 471 (10.1) 47.0 (94) 474 (9.2) 46.3 (9.4) 0.16
Hypertension treatment, % 197 (25.9%) 120 (15.7%) 104 (13.6%) 111 (14.5%) <0.01
Diabetes treatment, % 103 (13.5%) 55 (7.2%) 35 (4.6%) 38 (5.0%) <0.01
Prevalent diabetes, % 119 (15.6%) 62 (8.1%) 42 (5.5%) 42 (5.5%) <0.01
Prevalent hypertension, % 243 (31.9%) 155 (20.3%) 134 (17.6%) 138 (18.1%) <0.01
Current smoking, % 159 (21.0%) 140 (18:4%) 119 (15.8%) 149 (197%)  0.06
Regular alcohol use, % 370 (49.8%) 392 (52.3%) 420 (56.0%) 447 (59.7%)  <0.01
Prevalent coronary artery calcification >0 at Y25 exam, % 257 (40.0%) 173 (26.5%) 138 (21.9%) 148 (24.5%)  <0.01

Heavy drinking defined as >1 drink per day for women and >2 drinks per day for men. Continuous measures presented as mean and SD
in parentheses. Categorical variables are presented as number and percentage in parentheses.

(other than first apoB measurement) and apoB change
suggest that commonly measured clinical characteris-
tics (at least at one time point) are unlikely to predict

and Nutrition Examination Survey (NHANES) III
study (23). However, our study is the first description
of untreated intraindividual change in apoB concen-

future apoB levels well.

The cross-sectional distributions of apoB that we
observed at exam years in CARDIA are consistent with
distributions that were reported in the National Health

tration across 28 years of the early adult life course. In
NHANES III study, differences in the mean apoB
concentration between the 20- to 30- and 40- to 50-
year-old age groups were 21 mg/dl for men and

TABLE 5. Summary results presented as beta coefficients with 95% from linear regression models for annualized apoB change (0.1 mg/dl/
year) by participant characteristic levels

Participant characteristic Model 1 Model 2 Model 3 Model 4

—095 (=026, —023)"  —0.24 (=025, —0.22)"

—0.003 (~0.07, 0.06) 0.02 (=0.0, 0.10)
—0.87 (~148, —0.25)" —0.78 (~1.57, —0.01)"
—195 (-189, —060)°  —0.84 (=157, —0.12)"
—0.09 (~0.21, 0.03) —010 (=0.23, 0.04)

ApoB (per 1 mg/dl)

Age (per 1 year)

Male vs. female

Black vs. white

Maximum education, per 1 year

—0.25 (—0.26, —0.23)" —0.24 (~0.26, —0.23)"
0.02 (—0.05, 0.09)
—163 (—2.41, —0.85)"
—0.76 (—147, —0.06)"

—0.09 (-0.22, 0.04)

HDL, mg/dl —0.01 (-0.03, 0.02) —-0.04 (—0.06, —0.01)"
Systolic blood pressure, mm Hg —0.01 (-0.03, 0.03) 0.02 (—-0.00, 0.06)
BMI, kg/m? —0.09 (-0.15, —0.02)" —-0.05 (—0.11, OOOS)I’

Glucose, mg/dl

Diabetes treatment, yes vs. no
Hypertension treatment, yes vs. no
Current smoker, yes vs. no
Current drinker, yes vs. no 0.09 (-0.62, 0.79)
PA intensity score 0.29 (=0.05, 0.63)"
HEI 0.30 (0.0, 065)"

—0.06 (—0.08, —0.04)

—0.09 (—2.44, 2.27)

—0.21 (—241,1.99)
0.93 (0.158,1.70)°

—0.02 (—0.05, —0.01)"
—0.07 (-0.17, 0.03)
—0.09 (-0.18, 0.004)"
0.15 (—0.11, 0.41)
0.04 (0002, 0.07)"
0.29 (-0.04, 0.63)"
0.09 (—0.25, 0.44)

Model 1-3: model adjustment with baseline covariates; model 4 was adjusted with cumulative risk factors. The adjusted cumulative risk
factors are as follows: HDL per year, mg/day; systolic blood pressure per year , mm Hg; BMI per vyear, kg/m glucose per year, mg/dl;
cumulative years of diabetes treatment, hypertension treatment; PA intensity score per year; average of HEI index (0-100).

Slgnlflcant P < 0.05.
"Borderline significant P < 0.10.
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Fig. 4. Cumulative percent distribution of the annualized percent change in apoB, non-HDL-C, LDL-C, and LDL-P number.

8 mg/dl for women, which suggested that apoB levels
increase with age (23). However, NHANES III was a
serial cross-sectional survey, and the different age
ranges were not derived from a cohort. Thus, differ-
ences in apoB concentration by age group observed in
NHANES III study could be due to birth cohort effects
and differences in the sampling of individuals that
represented different age groups. Thus, the patterns
and rates of change in apoB concentration and their
correlates that we report in this article could not have
been determined from the NHANES III cross-sectional
data alone.

ApoB blood concentrations are determined by the
rates at which apoB lipoproteins are produced and
cleared from the plasma (2, 24). In most individuals,
the majority of apoB lipoproteins present in the blood
are VLDL and LDL-Ps. Thus, the rates of production
and clearance of VLDL and LDL-Ps determine most
of the intraindividual and interindividual differences
in apoB. Although the mediators of apoB synthetic
rate and VLDL particle assembly are not completely
understood, feeding and lipid kinetic studies have
demonstrated that overnutrition, exogenous intake of
saturated fats and simple carbohydrates, and/or insu-
lin resistance causes increases in VLDL particles and
therefore increased total apoB (25-27). Thus, chronic
excess caloric intake, weight gain, and insulin resis-
tance that occurred during follow-up likely account
for some of the apoB increases observed in this
analysis. Binding of the apoB molecules present on
LDL-Ps to the LDL receptor causes removal of the

10 ] Lipid Res. (2022) 63(12) 100299

LDL-P from the serum and downregulation of
cholesterol synthesis (28). Therefore, to the extent that
removal of LDL-Ps depends on the activity of the LDL
receptor pathway, a decrease in LDL receptor density
with age may partially explain the trend to higher
levels of apoB seen in many individuals. However,
apoB is present on remnant, VLDL, and Lp(a) as well
as LDL-Ps. The relative molar concentration of each
of these lipoprotein species can vary within and across
individuals over time, and some of the non-LDL apoB
lipoprotein species are not directly cleared by the LDL
receptor (29). Therefore, change in apoB concentra-
tion should not be solely attributed to the LDL re-
ceptor density change and alternative exposures, and
biologic pathways must contribute to the variation in
apoB concentration observed with aging over the early
adult life course.

Regression to the mean likely contributes to some of
the observed patterns of change that we report, as those
in the highest and lowest first apoB measurement were
more likely, on average, to have repeated values that
were closer to normative apoB values. Repeated mea-
sures of biological phenomena typically provide a more
accurate estimate of an individual’s “usual” values; the
extent to which this phenomenon is driven by mea-
surement error versus true biologic variation cannot be
determined from this study. Nonetheless, regression to
the mean is seen in clinical practice when serial lipid
testing is performed in individual patients. Thus, our
findings are instructive and inform what may be seen
in individual patient care.

SASBMB



The substantial changes observed over time, as well
as the modest associations with baseline predictors re-
ported above, suggest that clinicians will not be able to
predict using readily available clinical information
what a young adult patient’s apoB level may be
5-15 years after a one-time measurement. Thus, serial
measurement would be needed to monitor a patient’s
apoB exposure across early adult life. Nonetheless, the
rates of change that we report from CARDIA (mean
rate = 0.52 mg/dl/year) may be useful when serial
apoB testing is performed, as clinicians can now have a
reference value for the normative, though not neces-
sarily optimal, rates of change in apoB concentration.

Although we observed substantial variation in apoB
levels across early adult life, the intraindividual varia-
tion in apoB level across early adult life was less than
that was observed for non-HDL-C, LDL-C, and LDL-P.
These observations suggest that of the indices of
atherogenic lipoprotein burden, apoB is the most stable
during early adult life. Thus, in young adults, one-time
measures of aopB may be a better (though still likely
inadequate) marker of expected future cumulative
atherogenic lipoprotein exposure than non-HDL-C,
LDL-C, and LDL-P. However, further research is
needed to determine if these differences in stability of
these measures of atherogenic lipoprotein burden
during early adult life translate into meaningful dif-
ferences in long-term risk estimation for young adults.
Similarly, the lower intrinsic variability in apoB during
early adult life—in the context of its well-known
mediating effect on ASCVD risk—may indicate that
apoB is a better target for lifestyle optimization of lipid-
lowering therapy in some.

This study has several notable strengths. First, this
article represents the first description of rates of
change in apoB across the early adult life course using
multiple longitudinal measurements in black and white
men and women in a community-based sample. Second,
in addition to statistics of central tendency (mean, me-
dian, SD, etc), we show individual-level patterns of
change in the spaghetti plots and waterfall plots, which
can help contextualize patient-level observations in
clinical practice. Third, the quality of demographic and
behavioral assessment as well as traditional risk factor
measurements in the CARDIA study is excellent.
Fourth, our observations of apoB are put in context of
other commonly used atherogenic lipid measures.

Several limitations should be considered as well
First, CARDIA enrolled exclusively self-reported black
and white Americans. Thus, it is unclear if the pat-
terns and rates of change that we report are gener-
alizable to other race and ethnicity groups. Second,
since our interest was in describing longitudinal pat-
terns of apoB change, we included CARDIA partici-
pants who attended the Y20 and at least two of the
previous exams (Y15, Y7, or Y2). Thus, participants
who were lost to follow-up or died prior to the Y20
exam were not included in this analysis, which

SASBMB

disproportionally excluded young black men because
of lower rates of follow-up in this group (30). How-
ever, sensitivity analyses that imputed missing data did
not significantly change our reported results. Our in-
clusion criteria also excluded some participants with
chronic diseases (e.g., HIV) who either died or did not
attend the Y20 exam. Patterns of apoB change may be
different in young individuals with severe chronic
illness; thus, our results may not correctly inform the
expected apoB rates of change in specific subgroups
of patients with chronic illness. Third, NMR does not
provide a direct measurement of apoB but a derived
value from magnetic resonance decay signals of lipid
methyl and methylene groups. However, we are
confident in the accuracy and precision of the apoB
values provided by NMR as NMR apoB measures have
been previously validated against immunonephelom-
etry on standard assays with +* values of 0.98 (31).
Furthermore, if the accuracy of the NMR apoB mea-
sure was poor but consistent, then the patterns and
rates of change as well as the variance in these rates
that we report would not be affected. On the other
hand, if precision of apoB quantification was worse
than other atherogenic lipid measures, we would have
expected greater variance in apoB change than is
observed in LDL-C, non-HDL-C, and LDL-P, but we
observed the opposite—apoB had less variance over
time than directly measured lipid values.

In summary, this article represents the first descrip-
tion of intraindividual apoB concentration change over
the early adult life course. ApoB concentrations over
time are dynamic, with the average person experi-
encing a +0.52 mg/dl/year increase (~15 mg/dl over 28
years). Furthermore, the interindividual variation in
change over time is substantial as well (range of —6.2
to +9.2 mg/dl/year), and the ability to predict an in-
dividual’s rate of change using one-time assessment of
traditional clinical variables appears modest. However,
although absolute variation of apoB blood concentra-
tion was significant across early adult life, it was less
than was observed for NDHL-C, LDL-C, and LDL-P,
suggesting that of these measures, apoB is the most
consistent measure of atherogenic lipoprotein burden
in young adults. Nonetheless, in total, these observations
suggest that serial apoB testing is needed if one aims to
quantify the cumulative burden of apoB atherogenic
particles across early adult life. Furthermore, an
improved understanding of the risks associated with
different apoB concentrations, as well as the presence
of potentially critical thresholds of exposure or poten-
tially critical periods of exposure during early adult
life, is needed to inform testing guidelines for this
central determinant of ASCVD risk.

Data Availability

The data that support the findings of this study are
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