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Web Appendix

Constrained Poisson regression

We first estimated nested Poisson regression models within each race-sex group, testing for
improved fit with the addition of each time scale (Table 2 in main manuscript). To estimate race-
and sex-specific age, period, and cohort effects within a single regression framework we fit a 3-
factor constrained Poisson regression model including main effects for race-sex group and for age,
period, and cohort indicator variables, along with race-sex interactions with each of the three time

scales. The interaction age, period, cohort model is represented here:
In(Yijkm) = do + i + Bi +¥j + Ok + Tim + @jm + Wiem + IN(POPijim) + €ijkem

Where m indexes race-sex groups (m=1, 2, 3 with 4th group - white men - as referent), and
am are the main effects of race-sex group, p; is the ith of I-1 age category parameters, y; is the j™ of J-
1 period parameters, Jj is the kth of [+]-2 cohort parameters. The interaction terms allow for
heterogeneity in age, period, or cohort effects by race or sex. Timis the vector of parameters for the
interaction between race-sex group and age categories; @jm is the vector of parameters for the
interaction between race-sex groups and period categories; and wkm is the vector of parameters for
the interaction between race-sex groups and cohort categories. Y; i, is the count of deaths in each
category, and In(POPjjm) is the log-offset for population at risk in each category, e is the group-

specific error.

To make the model identifiable, we constrained the first 2 period categories (1973-1977

and 1978-1982) such that y; = y, = 0. Likelihood ratio tests of each set of interaction terms



supported significant interaction between race-sex membership and each of the three time scales

(P<0.001 in all cases) (1).

Intrinsic estimator

The intrinsic estimator weights the design matrix to address collinearity between the three
sets of predictors of age, period, and cohort (2). It yields a unique solution determined by the
Moore-Penrose inverse (3) and is an unbiased estimator which may have greater statistical
efficiency than the traditional constrained-coefficient model commonly employed (4, 5). Although
the under-identification of APC models is not eliminated by this method, simulation studies suggest
that the intrinsic estimator recovers independent effects more efficiently than other approaches
(2). Important critiques have also been raised about the method. For instance Luo argues that the
constraint assumptions of the intrinsic estimator may be different, but not necessarily better than

other arbitrary choices, and as a result may still produce biased estimates (6).

The method for calculating the intrinsic estimator has been described in detail elsewhere
(2). Models are fit separately for each race and sex specific strata. Briefly, the data are arranged
with a row for every unique combination of age-group and period with indicator variables for age,
period, and cohort group membership. Then the age-period specific counts of heart disease death
are regressed on eigenvector design matrix in a Poisson regression model with the natural log of
the population at risk as an offset. The resulting coefficients are transformed back to their original

scale.

The resulting intrinsic estimator coefficients are constrained to sum to zero, with the
magnitude and trends in the coefficients interpreted as the difference among members of a given
time period as compared with the mean race- and sex-specific rate. For example, considering the

period time-scale as the predictor, the null hypothesis is that coefficients for all periods are zero,



indicating that conditional on age and birth cohort, heart disease mortality rates were equal to the
baseline rate—the intercept—for every year of observation (e.g. 1973-2010). (2) Non-zero
coefficients (or rate ratios departing from the null value of 1.0) suggest relatively higher or lower
rates in a given year as compared to the overall mean, conditional on age and birth cohort.

Interpretation of age and cohort effects is similar to this example of period effect interpretation.

Median polish

The sensitivity of APC model results to the arbitrary choice of parameter constraints in
order to make regression models identifiable is a critique primarily of first order effects (e.g. those
with linear relationship—on the scale of the link function—to the outcome, as estimated from a
regression slope coefficient). Alternatively, second order effects (e.g. those with non-linear relation

to the outcome) can be identified (7, 8).

The median polish is one non-parametric method for identifying non-linearities
represented by departure from additivity as evidenced by systematic patterns in the residuals from
a 2-factor model (9). While Keyes, et al. points out that method can be conceived heuristically as
analysis of residuals from a 2-factor regression model (e.g.Y; = a + § * AGE; + y * PERIOD; + ¢;;
where Y=age-period specific log-rate, f=age effect, y=period effect, and e=error) (10), the method
need not be carried out via regression, but instead by a non-parametric, iterative process of
subtracting the median from rows (age) and then columns (period) of a contingency table
containing log-rates within each cell. Convergence is achieved when residual values stabilize. The
values remaining in the table after this median polish are residuals which represent a combination
of random error plus the systematic departure from linear additivity. These residuals can be
plotted against cohort membership (cohort = PERIOD - AGE) to identify departure from the
expectation of residuals being distributed N(0,02). To formally decompose systematic from random

components, we regressed these residuals onto indicator variables for birth cohort membership.



In the absence of interaction (departure from additivity on log-linear scale), the residuals
are expected to center around zero. However as demonstrated in Web Figure 2 residuals for heart
disease mortality rates from 1973-2010 varied systematically by birth cohort in excess of
anticipated random error. The trends in residuals were relatively similar between black and white
women, and similar in shape among black and white men, but there was a racial separation in
magnitude of residuals for men born between 1920 and 1960. Web Table 3 summarizes the race-
sex specific contrasts from the model regressing cohort on residuals. These ratios represent the
magnitude of departure from simple additivity of age and period, and most significant contrasts
tend towards antagonistic, reflecting a lower rate than expected from race-sex specific age and
period alone. This faster-than-expected decline is apparent for white born between 1928 and 1957.
Among blacks, this pattern of accelerated decline across generations is delayed, with significant

age-period interaction beginning in 1938 and 1948 for women and men respectively.
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Web Table 1. Black-white rate ratios for heart disease mortality by age and year of death

Men
1973-77 1978-82 1983-87 1988-92 1993-97 1998-2002 2003-07 2008-10

RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI
35-39  2.18 2.09 227 225 217 234 238 230 247 272 262 282 232 224 240 217 209 226 222 213 2.30 224 212 2.36
40-44 168 163 173 194 1.89 2.00 213 206 219 228 222 235 220 215 226 197 192 2.02 182 1.77 1.87 185 1.78 1.92
45-49 154 151 158 167 163 171 1.80 176 1.85 2.11 2,07 216 212 2,07 217 196 192 2.00 185 181 1.89 169 1.64 1.74
50-54 142 140 1.45 1.53 1,51 1.56 1.68 165 171 191 187 194 198 194 2.02 192 189 1.96 191 1.87 1.94 1.70 1.66 1.74
55-59 1.23 121 1.25 1.42 140 1.44 149 146 1.51 1.73 170 1.76 1.82 179 1.85 190 1.87 1.93 1.88 1.85 191 1.77 174 1.81
60-64 113 112 1.15 1.26 1.24 1.27 1.45 143 147 158 1.56 1.60 164 161 1.66 1.73 170 1.75 1.79 1.77 1.82 1.74 171 1.78
65-69 1.00 099 1.01 1.08 1.07 1.10 1.24 123 1.26 144 142 1.46 143 142 145 153 151 1.56 164 1.62 1.67 1.71 1.68 1.74
70-74 1.01 100 1.03 1.00 0.99 1.02 1.14 113 116 129 1.27 1.30 141 139 143 142 141 144 1.50 1.48 1.52 151 1.48 1.54
75-79 0.85 0.84 0.87 090 0.89 0.91 0.98 096 0.99 113 112 1.15 1.17 116 1.19 125 124 127 133 131 1.35 136 133 1.38
80-84 0.79 0.78 0.80 0.88 0.87 0.90 0.97 095 0.98 1.02 1.00 1.03 1.06 1.05 1.08 1.08 1.06 1.10 114 1.12 1.16 1.15 112 1.17
=85 0.62 061 0.64 0.69 068 0.71 0.75 0.74 0.77 085 0.83 0.86 0.83 0.82 0.84 0.86 0.85 0.88 091 0.89 0.92 091 0.89 0.93

Women
1973-77 1978-82 1983-87 1988-92 1993-97 1998-2002 2003-07 2008-10

RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI
35-39 376 3.54 398 3,52 332 373 3.63 343 3383 4.00 3.79 4.22 3.58 340 3.75 294 280 3.09 2.80 2.66 2.96 2.57 2.39 2.76
40-44 338 3.24 352 3.24 310 3.38 3.40 3.26 3.55 404 388 421 3.73 359 387 333 321 346 2.74 264 2.85 2.65 251 2.79
45-49 3.22 3.12 332 3.04 294 314 3.01 291 312 3.53 342 3.66 3.46 335 357 335 3.25 345 2.77 2.69 2.85 250 241 2.60
50-54 2.80 274 287 273 266 280 273 266 281 3.04 296 3.12 3.00 293 3.09 2.88 281 295 284 277 291 2.53 245 2.61
55-59 229 225 234 234 230 239 243 238 248 256 251 262 262 256 2.68 2,57 251 263 251 246 2.57 245 2.38 2.52
60-64 196 193 199 197 193 2.00 2.09 206 213 229 225 233 219 215 223 223 219 228 219 215 2.23 216 2.10 2.22
65-69 1.61 158 1.63 161 159 1.63 1.73 170 175 199 196 2.02 195 192 1.98 195 192 1.98 195 192 1.99 190 1.86 1.95
70-74 150 1.48 152 141 139 143 152 150 1.54 163 1.61 1.65 1.77 175 179 1.73 171 176 1.68 1.65 1.71 1.68 1.64 1.72
75-79 1.08 1.06 1.09 117 115 1.18 124 122 125 137 136 1.39 141 139 143 150 1.48 1.52 147 1.45 1.49 145 142 1.48
80-84 0.88 0.87 0.90 1.01 099 1.02 111 110 113 116 1.15 1.17 120 119 1.21 121 119 1.22 1.25 1.23 1.26 1.24 122 1.26
=85 0.67 0.65 0.68 0.72 071 0.73 0.82 0.81 0.83 094 093 0.96 093 092 094 097 0.96 0.98 1.00 0.99 1.02 0.99 0.97 1.01

Note: Black-white heart disease mortality ratios with 95% confidence intervals presented by age category and year of death. Age trends in black-white disparities in heart disease mortality visible down columns; period

trends visible across rows; cohort trends are visible along diagonal (e.g. individuals aged 35-39 years in 1973-1977 aged into the 40-44 year group in 1978-82).



Web Figure 1. Constrained Poisson within-group (race, sex) age-period-cohort regression results
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See Table 3 in main manuscript for estimates and 95% confidence intervals. These within-race-sex contrasts are derived from the same interaction model
as the results plotted in Figure 5 in the main manuscript.



Web Table 2. Constrained age-period-cohort model black-white contrasts by sex

White Men Black Men White Women Black Women
RR RR 95% Cl RR RR 95% Cl
Age 35-39 1.00 131 1.25 1.36 1.00 3,55 3.38 3.74
40-44 1.00 1.16 1.12 1.21 1.00 332 3.19 3.46
45-49 1.00 1.13 1.10 1.16 1.00 297 2.88 3.06
50-54 1.00 1.13 1.11 1.15 1.00 2.59 2.53 2.65
55-59 1.00 1.13 111 1.14 1.00 222 219 2.26
60-64 1.00 1.13 1.12 1.14 1.00 191 1.89 1.93
65-69 1.00 1.10 1.09 111 1.00 1.63 161 1.64
70-74 1.00 1.12 1.10 1.13 1.00 1.43 141 1.45
75-79 1.00 1.06 1.04 1.08 1.00 1.19 116 1.21
80-84 1.00 1.05 1.02 1.07 1.00 1.03 1.01 1.06
=285 1.00 0.90 0.87 0.93 1.00 0.83 0.80 0.86
Period pre-1983 1.00 1.10 1.09 111 1.00 1.63 161 1.64
1983-87 1.00 1.12 111 1.14 1.00 1.73 1.71 1.75
1988-92 1.00 1.16 1.15 1.18 1.00 1.87 184 1.90
1993-97 1.00 1.11 1.08 1.13 1.00 190 185 1.94
1998-2002 1.00 1.04 1.01 1.07 1.00 190 184 1.96
2003-07 1.00 1.00 096 1.04 1.00 1.88 181 1.96
2008-10 1.00 0.93 0.89 0.97 1.00 1.86 1.77 1.95
Cohort  1888-1892 1.00 0.76 0.73 0.79 1.00 131 1.26 1.36
1893-1897 1.00 0.84 0.81 0.86 1.00 140 136 144
1898-1902 1.00 0.90 0.89 0.92 1.00 1.53 150 1.56
1903-1907 1.00 0.97 0.96 0.99 1.00 1.64 162 1.67
1908-1912 1.00 1.00 099 1.01 1.00 1.59 158 1.61
1913-1917 1.00 1.10 1.09 111 1.00 1.63 161 1.64
1918-1922 1.00 1.20 1.19 1.22 1.00 1.65 1.62 1.67
1923-1927 1.00 1.36 1.33 1.39 1.00 1.72 168 1.75
1928-1932 1.00 1.47 143 150 1.00 1.71 166 1.76
1933-1937 1.00 1.62 156 1.67 1.00 1.67 161 1.73
1938-1942 1.00 1.78 1.71 1.85 1.00 1.67 159 174
1943-1947 1.00 195 186 2.04 1.00 1.64 155 1.72



1948-1952 1.00 201 190 212 1.00 1.60 151 1.70

1953-1957 1.00 2.04 192 217 1.00 1.56 1.46 1.67
1958-1962 1.00 196 1.83 210 1.00 137 1.27 1.48
1963-1967 1.00 192 1.78 2.08 1.00 1.17 1.08 1.28
1968-1972 1.00 2.07 1.89 2.26 1.00 112 1.02 1.24
1973-1975 1.00 2.24 201 2.48 1.00 1.03 091 1.17

Cl, confidence interval; RR, rate ratio.

Note: Results from 3-factor constrained Poisson regression with interaction between each time dimension (age x race
X sex, period x race x sex, and cohort x race x sex). Contrasts presented in this table compare black to white
(referent) within each sex group and at each time value, conditional on other time scales.



Web Table 3. Age-period-cohort results from race- and sex- stratified intrinsic estimator models

WHITE MEN WHITE WOMEN BLACK MEN BLACK WOMEN
RR 95% Cl RR 95% Cl RR 95% Cl RR 95% Cl
Exponentiated intercept 0.0051 0.0051 0.0052 0.0023 0.0022 0.0023 0.0072 0.0071 0.0072 0.0042 0.0042 0.0043
AGE 35-39 0.09 0.09 0.10 0.07 0.07 0.08 0.14 0.14 0.15 0.12 0.12 0.13
40-44 0.20 0.19 0.20 0.14 0.13 0.15 0.25 0.24 0.26 0.22 0.21 0.23
45-49 0.36 0.34 0.37 0.25 0.24 0.27 0.42 0.41 0.43 0.37 0.36 0.38
50-54 0.57 0.55 0.58 0.43 0.42 0.45 0.64 0.63 0.65 0.57 0.55 0.58
55-59 0.83 0.82 0.85 0.71 0.69 0.73 0.89 0.88 0.91 0.82 0.80 0.84
60-64 1.18 1.16 1.20 1.15 1.12 1.18 1.21 1.19 1.23 1.18 1.15 1.20
65-69 1.61 1.58 1.63 1.74 1.70 1.78 1.52 1.49 1.54 1.57 1.54 1.60
70-74 2.23 2.19 2.26 2.71 2.66 2.76 2.03 2.00 2.06 2.22 2.18 2.26
75-79 3.15 3.10 3.20 4.27 4.20 4.34 2.59 2.55 2.63 3.00 2.95 3.05
80-84 4.71 4.64 4.79 7.03 6.91 7.15 3.64 3.58 3.70 4.43 4.36 4.51
285 5.20 5.10 5.30 7.58 7.43 7.74 3.28 3.22 3.35 3.97 3.89 4.04
PERIOD 1873-77 1.24 1.21 1.26 1.04 1.01 1.06 1.06 1.05 1.08 1.05 1.03 1.07
1978-82 1.17 1.15 1.19 1.05 1.03 1.07 1.06 1.05 1.08 1.03 1.01 1.04
1983-87 1.12 1.11 1.14 1.06 1.05 1.08 1.10 1.08 1.11 1.07 1.05 1.09
1988-92 1.01 0.99 1.02 1.01 1.00 1.03 1.07 1.06 1.09 1.07 1.05 1.09
1993-97 0.98 0.97 1.00 1.02 1.01 1.04 1.04 1.03 1.06 1.06 1.05 1.08
1998-2002 0.92 0.91 0.94 1.01 0.99 1.02 0.97 0.95 0.98 1.01 1.00 1.03
2003-07 0.84 0.82 0.85 0.93 0.92 0.95 0.89 0.88 0.91 0.91 0.89 0.92
2008-10 0.81 0.79 0.82 0.89 0.87 0.92 0.84 0.82 0.85 0.83 0.81 0.85
COHORT 1888-1892 1.82 1.74 1.91 2.47 2.37 2.57 1.50 1.41 1.59 1.66 1.58 1.76
1893-1897 1.80 1.74 1.86 2.22 2.15 2.29 1.54 1.49 1.60 1.66 1.60 1.72
1898-1902 1.78 1.73 1.82 2.03 1.98 2.09 1.57 1.53 1.61 1.71 1.66 1.76
1903-1907 1.72 1.68 1.77 1.83 1.78 1.88 1.56 1.52 1.60 1.71 1.66 1.75
1908-1912 1.64 1.61 1.68 1.64 1.60 1.68 1.44 1.41 1.48 1.53 1.49 1.56
1913-1917 1.51 1.48 1.55 1.45 1.42 1.49 1.40 1.37 1.42 1.43 1.40 1.46
1918-1922 1.36 1.33 1.39 1.27 1.24 1.31 1.30 1.28 1.33 1.31 1.28 1.33
1923-1927 1.20 1.18 1.23 1.10 1.07 1.14 1.24 1.22 1.26 1.22 1.19 1.25

1928-1932 1.05 1.02 1.08 0.95 0.91 0.98 1.11 1.09 1.13 1.07 1.05 1.10



1933-1937
1938-1942
1943-1947
1948-1952
1953-1957
1958-1962
1963-1967
1968-1972
1973-1975

0.91
0.78
0.70
0.64
0.61
0.60
0.59
0.58
0.58

0.89
0.76
0.68
0.61
0.58
0.57
0.55
0.52
0.45

0.94
0.81
0.73
0.67
0.64
0.63
0.63
0.65
0.74

0.83
0.71
0.63
0.56
0.53
0.58
0.62
0.62
0.64

0.79
0.68
0.59
0.53
0.50
0.53
0.56
0.53
0.46

0.86
0.74
0.66
0.60
0.57
0.63
0.69
0.73
0.89

1.01
0.91
0.85
0.76
0.70
0.62
0.57
0.57
0.59

0.99
0.88
0.83
0.74
0.68
0.60
0.54
0.54
0.52

1.03
0.93
0.87
0.78
0.72
0.65
0.59
0.61
0.68

0.94
0.83
0.75
0.67
0.65
0.63
0.60
0.60
0.58

0.92
0.81
0.72
0.65
0.62
0.60
0.56
0.55
0.47

0.97
0.86
0.77
0.70
0.68
0.66
0.64
0.65
0.70

Cl, confidence interval; RR, rate ratio.



Web Figure 2. Age-period-cohort intrinsic estimator rate ratios by race and sex

White Women --#- Black Women

White Men = Black Men

A=

I I I
o o o 0
o N o

(Joyewnsg ooﬂwc_.;c ) oney sy °

800¢
€00¢
8661
€661
8861
€861
8161
€161
8961
€961
8661
€661
8v61
cv6l
8¢61
€e6l
8¢61
€c6l
8161
€6l
8061
€061
8681
€681
8881
G8
08
Gl
0L
g9
09
GG
06
17
oy
Ge

Year



Web Table 4. Results from regression of median polish residuals on birth cohort membership by race and sex

YEAR

1888-1892
1893-1897
1898-1902
1903-1907
1908-1912
1913-1917
1918-1922
1923-1927
1928-1932
1933-1937
1938-1942
1943-1947
1948-1952
1953-1957
1958-1962
1963-1967
1968-1972
1973-1975

White Men White Women Black Men Black Women

RR 95% Cl RR 95% Cl RR 95% ClI RR 95% ClI

0.76 0.69 0.84 0.93 0.84 1.02 0.78 0.71 0.86 0.78 0.71 0.86
0.81 0.75 0.87 0.94 0.87 1.01 0.84 0.78 0.91 0.83 0.77 0.89
0.87 0.81 0.92 0.97 0.91 1.04 0.90 0.85 0.96 0.92 0.87 0.98
0.93 0.88 0.99 1.00 0.94 1.06 0.96 0.91 1.02 1.00 0.95 1.06
0.98 0.93 1.03 1.01 0.95 1.06 0.96 0.91 1.01 0.98 0.93 1.03
1.00 1.00 1.00 1.00

0.99 0.94 1.04 0.98 0.93 1.03 1.01 0.96 1.06 1.00 0.95 1.05
0.97 0.92 1.02 0.95 0.90 0.99 1.04 0.99 1.09 1.02 0.97 1.07
0.93 0.89 0.98 0.92 0.88 0.96 1.00 0.95 1.04 0.98 0.94 1.03
0.90 0.86 0.95 0.91 0.87 0.95 0.99 0.94 1.04 0.95 0.91 1.00
0.85 0.81 0.89 0.86 0.82 0.91 0.96 0.92 1.01 0.92 0.88 0.96
0.84 0.80 0.89 0.84 0.80 0.88 0.97 0.92 1.02 0.89 0.85 0.94
0.84 0.80 0.88 0.82 0.78 0.86 0.93 0.89 0.98 0.88 0.83 0.92
0.87 0.82 0.92 0.86 0.81 0.90 0.93 0.88 0.98 0.91 0.86 0.96
0.94 0.89 1.00 1.01 0.95 1.07 0.90 0.85 0.96 0.97 0.92 1.03
1.00 0.94 1.07 1.17 1.10 1.25 0.90 0.85 0.96 1.00 0.94 1.07
1.07 1.00 1.15 1.26 1.17 1.35 0.98 0.91 1.05 1.07 1.00 1.15
1.16 1.05 1.27 1.36 1.23 1.49 1.09 0.99 1.20 1.11 1.00 1.22




Web Figure 3. Exponentiated residuals from race- and sex-specific median polish of age-period heart disease mortality rates.
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Points represent residuals. Lines and confidence bands are from a LOESS smoother.



Web Figure 4. Age-adjusted heart disease mortality rates by race and ethnicity, United States, 1999-2010
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Source: CDC WONDER, National Center for Health Statistics, National Vital Statistics System (http://wonder.cdc.gov/).



