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OBJECTIVE

Current type 2 diabetes (T2D) management contraindicates intensive glycemia
treatment in patients with high cardiovascular disease (CVD) risk and is partially
motivated by evidence of harms in the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial. Heterogeneity in response to intensive glycemia treat-
ment has been observed, suggesting potential benefit for some individuals.

RESEARCH DESIGN AND METHODS

ACCORD was a randomized controlled trial that investigated whether intensively
treating glycemia in individuals with T2D would reduce CVD outcomes. Using a
novel approach to cluster HbA1c trajectories, we identified groups in the intensive
glycemia arm with modified CVD risk. Genome-wide analysis and polygenic score
(PS) were developed to predict group membership. Mendelian randomization
was performed to infer causality.

RESULTS

We identified four clinical groupings in the intensive glycemia arm, and clinical group
4 (C4) displayed fewer CVD (hazard ratio [HR] 0.34; P5 2.01 × 10−3) and microvascu-
lar outcomes (HR 0.86; P5 0.015) than those receiving standard treatment. A single-
nucleotide polymorphism, rs220721, in MAS1 reached suggestive significance in C4
(P5 4.343 10−7). PS predicted C4 with high accuracy (area under the receiver oper-
ating characteristic curve 0.98), and this predicted C4 displayed reduced CVD risk
with intensive versus standard glycemia treatment (HR 0.53; P 5 4.02 × 10−6), but
not reduced risk of microvascular outcomes (P < 0.05). Mendelian randomization in-
dicated causality between PS, on-trial HbA1c, and reduction in CVD outcomes (P <
0.05).

CONCLUSIONS

We found evidence of a T2D clinical group in ACCORD that benefited from inten-
sive glycemia treatment, and membership in this group could be predicted using
genetic variants. This study generates new hypotheses with implications for preci-
sion medicine in T2D and represents an important development in this landmark
clinical trial warranting further investigation.

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) was a landmark trial
to examine the effect of intensive glycemia treatment targeting glycated hemoglobin
A1c (HbA1c) <6% versus more modest therapy targeting HbA1c 7.0–7.9%. The study
was conducted in patients with type 2 diabetes (T2D) at high cardiovascular risk,
with a primary end point of time to first occurrence of major adverse cardiovascular
events (MACE), specifically nonfatal myocardial infarction (MI), nonfatal stroke, or
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cardiovascular death. Notably, the inten-
sive glycemia arm of the trial was termi-
nated prematurely because of an increase
in cardiovascular and overall mortality (1).
The findings from ACCORD have had im-
portant implications regarding guidelines
for glycemic management (2–4). Although
there was a significant increase in mor-
tality in the intensive glycemia arm,
heterogeneity was observed (5–8). In
addition, potential benefits in some
measures of neuropathy, eye complica-
tions, and microalbuminuria were ob-
served (9). Epidemiological analysis of
ACCORD demonstrated that individuals
at greatest risk of mortality and MACE
were those intensively treated who did
not reach the target HbA1c (10).
We previously developed a risk score

based on two genetic variants that pre-
dicted White individuals with modified
risk of cardiovascular mortality and dis-
played a significant interaction with gly-
cemia control (5). Here, we expanded
our approach to a racially diverse popu-
lation, characterizing a glycemia-respon-
sive group in the intensive glycemia arm
of ACCORD using a novel application of
dynamic time warping to measure the
similarity of patient HbA1c trajectories.
We then clustered patients into clinical
groups based on HbA1c trajectory and
identified a group of patients intensively
treated in ACCORD with significantly
lower risk of mortality, MACE, and mul-
tiple other cardiovascular disease (CVD)
outcomes compared with other inten-
sively treated patients. We also demon-
strated causal inference regarding this
relationship using Mendelian random-
ization. Furthermore, we performed a
genome-wide association study (GWAS)
to identify genetic variants associated
with membership in a low-risk clinical
group and used machine learning to con-
struct a polygenic score (PS) to predict
patients likely to benefit from ACCORD-
like intensive intervention. Importantly,
this study generates new hypotheses
that patients predicted to be in this low-
risk clinical group have significantly lower
risk of CVD outcomes compared with the
same predicted group receiving standard
glycemia treatment.

RESEARCH DESIGN AND METHODS

Study Participants
The ACCORD trial (NCT00000620,
ClinicalTrials.gov) had a 2 � 2 factorial

design and has been previously described
(1). Briefly, 10,245 individuals with T2D
and either a history of CVD or two or
more risk factors for CVD were randomly
assigned to receive standard glycemia
treatment (HbA1c 7–7.9%; n ¼ 5,119) or
intensive glycemic treatment (HbA1c <
6%; n ¼ 5,126). Patients were further
randomized to determine whether inten-
sively treating blood pressure or dyslipide-
mia was effective at reducing MACE.
Participants were scheduled to have their
HbA1c tested at each 4-month visit and
had to have $3 HbA1c measurements re-
corded to be included in the analysis.
Missing values were mean imputed with
the HbA1c immediately preceding and
following. Trial outcomes included first
occurrence of MACE (i.e., nonfatal heart
attack, nonfatal stroke, cardiovascular
death), all-cause mortality, CVD mortality,
congestive heart failure, nonfatal MI,
nonfatal stroke, total stroke, expanded
macrovascular events, and coronary
heart disease. Cohort details are pro-
vided in Supplementary Table 1. In add-
ition, microvascular outcomes including
neuropathies, nephropathies, and reti-
nopathies were also investigated. The
GWAS and PS development were per-
formed using the 8,054 individuals who
consented to genetic studies. Phenotyp-
ic data are available for download at
National Institutes of Health BioLINCC
(HLB01041317a).

Patient Subgrouping
HbA1c trajectories from individuals random-
ized to intensive glycemia treatment (n ¼
4,946) and truncated to each trial outcome
were compared using a modified dy-
namic time-warping approach (etwDTW)
that weighted the cost of earlier HbA1c
differences more than later differences.
Dynamic time warping compares two
trajectories and calculates a score for
how similar they are to each other. To
ensure that HbA1c impacts after a CVD
outcome did not bias the results, HbA1c
trajectories were truncated to ensure
that only pre-CVD event HbA1c values
were used. For this reason, nine ver-
sions of truncated HbA1cs were devel-
oped, one for each of the nine CVD
outcomes of interest. Through the pair-
wise comparison of patient-truncated
HbA1c trajectories, dissimilarity matrices
were generated for each outcome. Un-
supervised hierarchical clustering with

the Ward method was used to cluster
HbA1c trajectories based on etwDTW
dissimilarity for each outcome (11,12).
Because clustering was performed on
the truncated HbA1c trajectories for
each outcome, a consensus cluster was
developed that integrated clustering for
each outcome into a single dendrogram.
To do this, the cophenetic distances of
the dendrogram of each outcome were
summed to generate a cophenetic dis-
similarity matrix (13). Hierarchical clus-
tering with the Ward method was used
again to cluster HbA1c trajectories across
all outcomes based on cophenetic dis-
similarity. Individuals who clustered to-
gether were considered to be part of
the same clinical group; the optimal
number of clinical groups (k) was deter-
mined by comparing the risk of outcome
for each dendrogram split using Cox
proportional hazards, and the number
of clusters preceding a nonsignificant
split was selected (P > 0.05) (Fig. 1).
For each clinical group, composite
trajectories were created by averag-
ing the individual HbA1c values across
each time point. Additional informa-
tion regarding patient clustering and
etwDTW can be found in the
Supplementary Material.

Baseline demographic and medication
differences were evaluated using logistic
regression and were adjusted for mul-
tiple comparisons using a false discovery
rate (FDR) approach (q < 0.01) (14). CVD
and microvascular risks were calculated
using Cox proportional hazards, adjusting
for sex, race, age, years with diabetes,
blood pressure treatment arm, history of
CVD, microvascular disorders at baseline,
and baseline HbA1c. Meta-analyzing cor-
related values, such as CVD outcomes,
as if they are independent can be prob-
lematic. Meta-analyses summarizing CVD
outcomes, treated as random effects,
were performed using the metafor R
package (15,16), a multivariate restricted
maximum-likelihood model that accounts
for the correlation structure of the CVD
outcomes. The joint multivariate meta-
analysis closely followed the method-
ology described by Berkey et al. (15),
which also takes into account the co-
variance-variance of the outcomes. The
covariance-variance matrix for hazard ra-
tios (HRs) was calculated using the boot-
strapping method described by Riley
et al. (17).
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Figure 1—Analysis workflow. A workflow describing the process of identifying clinical groups using dynamic time warping, performing the genomic
studies, and developing the risk model. PS, polygenic score.
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GWAS
Genomic DNA was extracted using the
FlexiGene DNA Kit (Qiagen, Valencia,
CA) (18) and was genotyped with two
separate platforms: 6,085 ACCORD
participant samples were genotyped
on Illumina HumanOmniExpressExome-8
(version 1.0) chips (set 1), and 8,174 par-
ticipant samples (6,085 from set 1 plus
2,089 samples) were genotyped on Affy-
metrix Axiom Biobank1 chips (set 2).
GRCh37/hg19 was used as the reference
genome build, and single-nucleotide
polymorphisms (SNPs) with genotyping
rates >97% were merged using PLINK
(version 1.9). Prephasing and imputation
were performed using SHAPEIT2 (ver-
sion 2.r778) and IMPUTE2 (version
2.3.0), respectively, using set 2 and the
1000 Genomes Phase 1 integrated hap-
lotypes reference panel (19,20). Variants
with an info metric <0.5 and minor al-
lele frequency <3% were excluded.
SNPs genotyped across all individuals
were annotated as GENO; SNPs geno-
typed in some individuals and imputed
in others were analyzed separately and
meta-analyzed (because of the two dif-
ferent genotyping platforms) and anno-
tated as META. SNPs imputed across all
participants were annotated as IMPU.
Genotypic data are available at the
National Center for Biotechnology Infor-
mation database for genotypes and
phenotypes (phs001411.v1.p1). The final
genotyped data set consisted of 8,054
unique individuals and 1,238,999 variants.
Additional details regarding genetic data
processing can be found in Marvel et al.
(21) and Rotroff et al. (22).
A GWAS was conducted to determine

SNPs associated with membership in
the intensively treated clinical group
with lower risk of CVD outcomes (C4;
n ¼ 1,367) versus all other participants
(C1–3; n ¼ 3,579) using logistic regres-
sion. Potentially confounding covariates
were selected using a backward selec-
tion approach (Supplementary Table 2).
Principal component analysis was per-
formed to address population stratifica-
tion using EIGENSTRAT (version 4.2).
For each variant, a logistic regression
model was constructed, with clinical
group as the outcome and variant as
the predictor. Principal components 1–
3, sex, years with diabetes, BMI, and
use of sulfonylurea, biguanide, thiazoli-
dinedione, or any type of insulin at
baseline were included as covariates

(Supplementary Table 3). SNPs with P <
5 � 10�8 were considered to have ge-
nome-wide significance and P < 5 �
10�6 were considered to be of suggest-
ive significance.

PS and Predictive Model
Development
Several approaches to constructing a PS
were evaluated. Sets of SNPs from the
GWAS were chosen using a clumping
procedure based on 28 unique combina-
tions of hyperparameters (Supplementary
Table 4). A PS was derived based on
each set of clumped variants and each
P value threshold (CT-PS). In addition,
a penalized logistic regression frame-
work was used to derive a stacked
clumping and thresholding PS (SCT-PS)
using the R package bigsnpr (23,24).
This approach generated multiple PS
for each individual, and penalized re-
gression was then used to derive an
optimal combination of each PS, from
which the weighted allele counts were
summed to create the final SCT-PS to
predict clinical group membership.

Next, we developed models using
genetic and baseline clinical factors to
predict patients in the group that bene-
fited from intensive glycemia treatment
(C4). Patients randomized to intensive
treatment were partitioned into a train-
ing set (66%; n ¼ 2,270) and a test set
(33%; n ¼ 1,169). Cross-validation was
performed on the training data; least
absolute shrinkage and selection oper-
ator was used to select baseline clinical
features and their interactions with the
PS, and these were included in a logistic
regression model (25). Each model was
developed using clinical features only,
PS only, or clinical features and PS.
Models developed on the training data
were then tested on the 33% of data
withheld as the test set and evaluated
based on the area under the receiver
operating characteristic curve in the
test set. The SCT-PS without clinical vari-
ables performed comparable or better
than other approaches and was se-
lected because of parsimony and clinical
utility. Details of the other models are
provided in the Supplementary
Material. Both the SNPs and corre-
sponding weights for the CT-PS and
SNPs as well as the code to run the
SCT-PS can be found at www.github.
com/rotroff-lab/accord-C4-ps.

Mendelian Randomization
Mendelian randomization was performed
using the Mendelian randomization R
package (version 0.4.2) (26) on standard
and intensively treated cohorts, separate-
ly. Mendelian randomization attempts to
identify causal relationships between an
exposure variable and an outcome by us-
ing genetic data as instrumental variables
to randomize the population. Here, in
each treatment arm, each CVD outcome
was tested using the SCT-PS as the instru-
mental variable and median HbA1c before
an event as the exposure variable. Signifi-
cant causal relationships were assessed
using the inverse-variance weighted (IVW)
method. The IVW estimate is the ratio
of the gene-outcome association to the
gene-exposure association, standardized
by the SE of the gene-outcome associ-
ation. The IVW estimates for every CVD
outcome in each treatment arm were
then meta-analyzed to identify overall
causal associations.

RESULTS

Clustering
Based on the criteria described above,
four distinct clinical groups (C1–C4) were
identified (Fig. 2A and Supplementary
Figs. 1 and 2). Characterization of each
clinical group regarding outcome inci-
dence, sex, race, and other factors is
provided in Supplementary Table 1. The
mean HbA1c was lower at 4 months for
C1, C2, and C4 at 6.7%, 7.0%, and 6.2%,
respectively, compared to 7.6% across
the standard glycemia arm (Fig. 2A).
C3 had highest mean HbA1c of 7.7% at 4
months.

Clinical groups displayed different in-
cidence rates for adverse outcomes (Fig.
2). C4 displayed the lowest risk across
multiple outcomes, MACE (HR 0.27;
95% CI 0.19–0.36; P ¼ 1.57 � 10�16),
and total mortality (HR 0.33; 0.23–0.48;
P ¼ 2.74 � 10�9). C3 displayed the
greatest risk for MACE (HR 1.60;
1.31–1.95; P ¼ 4.58 � 10�6) and total
mortality (HR 2.52; 2.00–3.17; P ¼ 3.44 �
10�15). Although groups were separated
by HbA1c reduction, the etwDTW ap-
proach identified groups with differen-
tial risks better than stratification by
HbA1c quartile (Supplementary Figs. 7
and 8). All intensive clinical groups had
significantly increased risk of hypogly-
cemic events compared with the stand-
ard arm, including C4, which had a lower
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risk of CVD outcomes (Supplementary
Fig. 6). Of the intensive clinical groups,
C4 had the lowest risk of severe hypogly-
cemic events (HR 1.89; 95% CI 1.52–
2.35; P ¼ 1.3 � 10�8), whereas C3 had
the greatest risk (HR 4.07; 3.26–5.08;
P ¼ 2.2 � 10�35). Meta-analysis across
outcomes indicated that C4 had the
overall lowest risk (HR 0.34; 0.17–0.67;
P ¼ 2.01 � 10�3) and C3 had the great-
est risk of CVD outcomes (HR 1.66; 1.28–
2.16; P ¼ 1.34 � 10�4) (Fig. 2D).

C4 also demonstrated a significantly
lower risk of microvascular events com-
pared with standard glycemia treatment,
including retinopathies, nephropathies,

and neuropathies (HR 0.86; 95% CI
0.77–0.97; P ¼ 0.002). All individual
microvascular outcomes were signifi-
cantly reduced in C4 compared with
standard treatment, with HRs ranging
from 0.82 to 0.89 (P < 0.05). Similar to
CVD risk, C3 demonstrated the highest
microvascular risk compared with stand-
ard treatment (HR 1.30; 1.16–1.47; P ¼
1.2 � 10�5].

Clinical and demographic differences
were observed between clinical groups
(Supplementary Tables 5–8). C4 had
greater proportions of men and White
individuals than the two high-risk clinic-
al groups, C3 and C2. C4 individuals

also had fewer years since their T2D
diagnosis (q < 0.01) (Supplementary
Table 7). After adjustment for years
with T2D, increased alcohol intake, few-
er eye diseases, and depression at base-
line were observed in C4 (q < 0.01).
After adjusting for years with T2D, com-
pared with those in C1, individuals in C4
were also less likely to use biguanides
(60.86% vs. 65.80%; q ¼ 7.56 � 10�3),
sulfonylureas (50.69% vs. 58.84%; q ¼
2.65 � 10–5), and thiazolidinediones
(18.14% vs. 24.64%; q ¼ 6.86 � 10�4)
(Supplementary Table 6). C4 also had a
significantly lower proportion of individ-
uals using insulin at baseline than C2

Figure 2—Identification of clinical subgroups. (A) The composite trajectories from each of the four clinical groups based on HbA1c trajectories
compared with the composite trajectory from the standard arm (black). The interval surrounding the composite HbA1c trajectory represents
two median absolute deviations of the underlying trajectories. (B) Kaplan-Meier curves of each clinical group and standard treatment group for
developing MACE, including nonfatal heart attack, nonfatal stroke, or cardiovascular death. (C) Kaplan-Meier curves of each clinical group and
standard treatment group for developing CVD mortality. (D) Forest plot of HRs for each CVD outcome separated by clinical group relative to
standard glycemia treatment. Summary HR is the meta-analysis of all outcomes in the cluster after accounting for covariance between out-
comes (15).
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and C3 (q < 0.001). In addition to hav-
ing significantly lower on-trial HbA1c,
the individuals in C4 also had lower on-
trial systolic blood pressure (SBP), dia-
stolic blood pressure, LDL, and total chol-
esterol (FDR P < 0.05) compared with
other clinical groups. There were no sig-
nificant differences between C4 and other
clinical groups for HDL, triglycerides, or
very-low-density lipoprotein (FDR P >
0.05). Importantly, stratification by HbA1c
explained a greater proportion of vari-
ation for CVD and microvascular risks
compared with LDL and SBP, suggest-
ing that it was the primary risk-reduc-
ing factor in C4 (Supplementary Fig. 9).

GWAS
The GWAS did not identify any SNPs as-
sociated with membership in the re-
duced-risk intensive clinical group, C4,
versus other clinical groups based on
the genome-wide significance threshold
(P < 5 � 10�8) (Fig. 3A and B). How-
ever, 45 SNPs reached suggestive signifi-
cance (P < 5.0 � 10�6), and the most

significant genotyped SNPs were located
within the Mas1 proto-oncogene (MAS1),
neural EGFL-like 1 (NELL1), and supervillin
(SVIL). After adjusting for covariates (re-
fSupplementary Table 3), rs220721, lo-
cated in MAS1, was the SNP most
significantly associated with C4 member-
ship (P ¼ 4.34 � 10�7) (Supplementary
Table 10). The C allele of rs220721 con-
ferred a 1.38-fold increase in likelihood
of C4 membership (Fig. 3A and B and
Supplementary Table 10).

Predictive Model for Intensive
Glycemia–Responsive T2D
Subtype
Predictive models based on genetic fac-
tors, with or without baseline clinical
factors, were developed to predict pa-
tients likely to be in clinical group C4
and therefore have a reduced risk of
MACE, mortality, and other CVD out-
comes. Receiver operating characteristic
curves for all evaluated models are
presented in Fig. 3C. Reported results
are based on the 33% of the intensive

arm withheld from model training (n ¼
1,169).

The SCT-PS models outperformed
other approaches, and no appreciable
advantage was observed with inclu-
sion of baseline clinical features (area
under the receiver operating charac-
teristic curve 0.98 vs. 0.99) (Fig. 3C).
The SCT-PS model had sensitivity, spe-
cificity, and balanced accuracy of 95%,
93%, and 94%, respectively, when applied
to the withheld test set (Supplementary
Table 13).

Next, we evaluated whether the C4 sub-
type benefited from intensive glycemia
treatment rather than displaying reduced
risk regardless of treatment strategy. Ap-
plying the SCT-PS to identify predicted C4
patients in the intensive arm (in the with-
held test set) and in the standard arm, we
demonstrated that predicted C4 patients
who received intensive glycemia treatment
had significantly reduced risk compared
with predicted C4 patients receiving stand-
ard treatment for MACE (HR 0.45; 95% CI
0.28–0.72; P ¼ 9.56 � 10�4), coronary

Figure 3—GWA analysis of C4. (A) Manhattan plot for SNP associations with membership in C4 compared with all other groups. Dashed lines repre-
sent thresholds for suggestive significance (P < 5 � 10�6). (B) LocusZoom plot of SNPs located inMAS1. (C) Receiver operating characteristic curve
for a logistic regression model containing baseline clinical features only, CT-PS (CT-PRS) only, CT-PS and baseline clinical features, SCT-PS (SCT-PRS)
only, and SCT-PS and baseline clinical features. The model combining SCT-PS with baseline clinical features outperformed the other models, with
an area under the curve (AUC) of 0.99. However, the SCT-PS only model performed nearly as well (AUC 0.98) and was selected as the best model
based on parsimony. All model results can be found in Supplementary Table 13
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heart disease (HR 0.52; 0.34–0.79; P ¼
0.002), total mortality (HR 0.53; 0.28–0.99;
P ¼ 0.047), and nonfatal MI (HR 0.47;
0.26–0.83; P ¼ 0.01). Moreover, the risk
across all CVD outcomes was significantly
reduced in predicted C4 individuals re-
ceiving intensive treatment (HR 0.53;
0.40–0.69; P ¼ 4.02 � 10�6) (Fig. 4A).
Sensitivity analysis and propensity score
matching demonstrated that the SCT-PS
reduction in risk was stable across
sample-size imbalances and potential
demographic differences between co-
horts (Supplementary Figs. 15 and 16). A
comparison with the non-C4 predicted
patients can be seen in Supplementary
Fig. 17. The SCT-PS outperformed in
White patients (HR 0.41; 0.26–0.65; P ¼
1.0 � 10�4), but significant reductions in
risk were also observed in non-White pa-
tients (HR 0.71; 0.52–0.97; P ¼ 0.03)
(Supplementary Figs. 18 and 19). Com-
parison with our previous 2-SNP PS
for cardiovascular mortality in White
patients and the SCT-PS with and with-
out clinical variables is shown in
Supplementary Figs. 21 and 22, indicat-
ing that the SCT-PS outperformed for
outcomes other than cardiovascular mor-
tality, particularly when all races were
included. Interestingly, the predicted
C4 group in the test set failed to reach
a statistically significant reduction in

microvascular outcomes compared
with the predicted C4 group receiving
standard treatment (P < 0.05) (Sup-
plementary Fig. 20).

Mendelian Randomization
Mendelian randomization was used to
test whether causality could be inferred
between the reduction in glycemia and
CVD outcomes through an interaction
with the SCT-PS and was stratified by
individuals randomized to standard and
intensive treatments (Supplementary Fig.
14). For individuals receiving standard
treatment, the IVW estimate failed to
reach statistical significance for any of
the individual CVD outcomes (P > 0.05),
and the meta-analyzed estimate across
CVD outcomes also failed to reach statis-
tical significance (P ¼ 0.08). However, in
individuals randomized to intensive treat-
ment, there was a statistically significant
relationship observed between glycemia
lowering and reduction in HbA1c through
the interaction of the SCT-PS, where
MACE, total mortality, CVD mortality,
nonfatal MI, and nonfatal stroke reached
statistical significance (P < 0.005). In the
same individuals, the meta-analyzed esti-
mate across all CVD outcomes was also
statistically significant (P ¼ 6.71 �
10�23), indicating that there is a causal

relationship between glycemia reduction
and CVD outcomes through interaction
of SCT-PS and treatment (Supplementary
Fig. 14).

CONCLUSIONS

The failure of ACCORD to show benefit
from intensive glycemia treatment has
significantly affected clinical management
of patients with advanced T2D and risk of
CVD. However, individual heterogeneity
within a complex disease classification
may complicate findings from research
studies and clinical trials (27–29). Here,
we propose that a genetic subtype with
T2D exists that is responsive to intensive
glycemia treatment, despite the lack of ef-
ficacy observed across the overall cohort.

It has been recognized that patients
treated intensively in ACCORD who at-
tained a lower HbA1c had reduced risk
of death compared to those treated in-
tensively with little HbA1c reduction, al-
beit this risk reduction was insignificantly
lower than with standard treatment (30).
However, to our knowledge, this is the
first study showing a genetic subgroup
(C4) in ACCORD with statistically signifi-
cant reductions in risk across all CVD
outcomes (HR 0.34; 95% CI 0.17–0.67;
P ¼ 2.01 � 10�3) (Fig. 2). Significant re-
ductions were observed for each

Figure 4—Comparison between predicted C4 patients receiving standard vs. intensive glycemia treatment. (A) Forest plot of HRs of individuals pre-
dicted to be in C4 who received intensive glycemia treatment (from withheld test set) compared with those predicted to be in C4 who received
standard treatment. Results from the SCT-PS (SCT-PRS) model with and without baseline clinical factors are shown. Kaplan-Meier curves are shown
comparing, in those predicted to be in C4 who received intensive glycemia treatment compared with those predicted to be C4 who received stand-
ard treatment, incidence of MACE (B), nonfatal MI (C), total mortality (D), and coronary heart disease (E).
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individual CVD outcome, with the most
significant reductions for total and nonfa-
tal stroke, with HRs of 0.21 (P ¼ 2.43 �
10�4) and 0.021 (P ¼ 4.67 � 10�4), re-
spectively. Cardiac events–nonfatal MI
and coronary heart disease also dis-
played large reductions in risk, with HRs
of 0.27 (P < 9.30 � 10�11) and 0.35 (P =
1.71 � 10�15), respectively. Interestingly,
congestive heart failure showed the
weakest reduction in risk, with an HR
of 0.70 (0.50–0.98; P ¼ 0.04) (Fig. 2D).
We also observed a significant reduction
across all microvascular outcomes (HR
0.86; 0.77–0.97; P ¼ 0.002). However,
when the SCT-PS for C4 was applied to
the withheld test set of patients, the
predicted C4 groups showed a benefit
in CVD outcomes (HR 0.53; 0.40–0.69;
P ¼ 4.02 � 10�6), but no statistically
significant benefit in microvascular
outcomes was seen (P > 0.05)
(Supplementary Fig. 20). It may be that
C4 does not benefit from reduced micro-
vascular outcomes with intensive gly-
cemia treatment, or it may be that the
withheld test set was underpowered to
detect the relatively smaller effect sizes
observed for microvascular outcomes (HR
0.86; Supplementary Fig. 5) compared
with the effect sizes for CVD outcomes
(HR 0.34; Fig. 2D).
We investigated whether genetic

variants indicated a different genetic
profile for individuals responsive to in-
tensive treatment (i.e., C4). Although no
SNPs reached genome-wide significance
(P < 5 � 10�8), several SNPs reached
the predefined threshold for suggestive
significance (P < 5 � 10�6) and could
be considered candidates for follow-up
studies. The association with Rs220721,
located in MAS1, and C4 membership
reached suggestive significance (P =
4.34 � 10�7). Although substantial lit-
erature implicates the MAS1 receptor in
CVD, and to some extent T2D, these
molecular pathways are complex and
not well understood (31). The MAS1 re-
ceptor is a constitutively active GPCR
expressed in many tissues and interacts
with angiotensin-(1–7), a MAS1 agonist,
and may play a role in ischemic stroke
and CVD (31,32). Angiotensin-(1–7) reg-
ulates insulin secretion through MAS-
dependent cAMP signaling in pancreatic
islet cells and reduced hyperglycemia in
a rat model of T2D (33,34). Pharmaco-
logical antagonism and Mas(�/�) mice
displayed significant reductions in

insulin secretion, suggesting a potential
role for MAS1 in glycemic response
(33). SNPs in MAS1 are in linkage dis-
equilibrium with IGF-2 receptor (IGF2R)
(Fig. 3B), and genetic variation in IGF2R
has been previously associated with cor-
onary heart disease and shown to affect
circulating levels of IGF2R, which has
been associated with T2D (35–37). Add-
itional studies to determine the role of
genetic variation in MAS1 or IGF2R in re-
lation to intensive glycemia response are
needed.

These findings generate new hypoth-
eses regarding the existence of a genet-
ic subtype within T2D (C4) that is
responsive to intensive glycemia treat-
ment. Through developing an SCT-PS
with 94% balanced accuracy in the with-
held test set, we demonstrated that
predicted C4 patients who received in-
tensive treatment had a reduction in
CVD outcomes versus the predicted C4
patients who received standard treat-
ment (HR 0.53; 95% CI 0.40–0.69; P ¼
4.02 � 10�6). This overall reduction in
CVD outcomes in the predicted C4
group was largely driven by reductions
in nonfatal MI and coronary heart dis-
ease (Fig. 4A). It also seems that HbA1c
stratification was the largest contributor
to the reduction in CVD outcomes,
compared with relatively smaller contribu-
tions from LDL and SBP control
(Supplementary Fig. 9). Furthermore,
Mendelian randomization demonstrated
evidence of a causal relationship between
the SCT-PS, median on-trial HbA1c,
and CVD outcomes for patients receiving
intensive treatment (P < 0.001) but
not standard treatment (P > 0.05)
(Supplementary Fig. 14). Together, this in-
dicates there was indeed benefit to re-
ceiving intensive glycemia treatment for
some patients (Fig. 4A). These results are
further supported by sensitivity analysis
and propensity score matching, which
demonstrated the robust nature of the
model (Supplemental Material). Lastly,
the SCT-PS seemed to outperform a pre-
vious cardiovascular mortality PS to pre-
dict, in a racially diverse population, a
group that benefits from intensive gly-
cemia treatment (Supplementary Fig. 22).
With additional validation, it may be pos-
sible to accurately identify patients in this
subtype likely to benefit from intensive gly-
cemia treatment.

These results have not been repli-
cated in an independent cohort, which

is made difficult by the limited number
of trials with available genetic data that
have evaluated intensive glycemia treat-
ment in patients with high CVD risk and
longer duration of disease. Therefore, it
is unknown at this point if these results
would be generalizable beyond AC-
CORD. Since ACCORD, medications such
as GLP-1 agonists and SGLT2 inhibitors
have become available, and these are
also beneficial for CVD risk, which may
have different impacts on outcomes for
these subtypes. Given safety concerns,
it is unlikely that a trial like ACCORD
would be repeated. However, we did in-
fer a causal relationship between the
SCT-PS, HbA1c response with intensive
treatment, and reduction in CVD risk.
Other studies have proposed distinct
etiological subtypes of T2D (38–40).
However, it is not clear if the subtypes
here represent distinct T2D etiologies or
just subtypes relevant for treatment re-
sponse. Although additional work is
needed to validate these findings, they
indicate important developments in this
landmark clinical trial with implications
for precision medicine and suggest that
additional review by advisory groups is
warranted.
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