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W Check for updates

Precision medicineis part of the logical evolution of contemporary
evidence-based medicine that seeks to reduce errors and optimize outcomes
when making medical decisions and health recommendations. Diabetes

affects hundreds of millions of people worldwide, many of whom will develop
life-threatening complications and die prematurely. Precision medicine can
potentially address this enormous problem by accounting for heterogeneity
inthe etiology, clinical presentation and pathogenesis of common forms of
diabetes and risks of complications. This second international consensus
reporton precision diabetes medicine summarizes the findings froma
systematic evidence review across the key pillars of precision medicine
(prevention, diagnosis, treatment, prognosis) in four recognized forms of
diabetes (monogenic, gestational, type1, type 2). These reviews address

key questions about the translation of precision medicine researchinto
practice. Although not complete, owing to the vast literature on this

topic, they revealed opportunities for theimmediate or near-term clinical
implementation of precision diabetes medicine; furthermore, we expose
important gapsin knowledge, focusing on the need to obtain new clinically
relevant evidence. Gapsinclude the need for common standards for clinical
readiness, including consideration of cost-effectiveness, health equity,
predictive accuracy, liability and accessibility. Key milestones are outlined
for the broad clinicalimplementation of precision diabetes medicine.

Diabetes is a major global problem, with many hundreds of millions
of people affected by the disease, many of whom are undiagnosed.
The major burden of diabetes is exerted through the development of
life-threatening complications, often involving damage to large and
smallblood vessels. The disease is currently classified into several types
of diabetes. The two most common forms are type 1 diabetes (T1D),
an autoimmune disease accounting for ~2% of all forms of diabetes
worldwide’, and type 2 diabetes (T2D), which accounts for most of
the remaining cases. Rare ‘monogenic’ forms of diabetes also exist,
with gestational diabetes mellitus (GDM) being an additional category
(Box1). Amajor challenge with most diabetes is that it is heterogeneous
in etiology, clinical presentation and prognosis. Understanding and

leveraging this heterogeneity is a core objective of precision diabetes
medicine (Fig. 1).

This second international consensus report from the Precision
Medicinein Diabetes Initiative (PMDI) summarizes the comprehensive
systematic reviews and resulting consensus among the PMDI con-
sortium for the pillars of precision medicine prevention, diagnosis,
treatment and prognosis’ across monogenic diabetes mellitus (MDM),
GDM, T1D and T2D* ' (Fig. 2). The objectives of the PMDI consortium
were to identify (1) where current evidence supports the application
of precision approaches in diabetes prevention and care, and (2) key
gapswhere additional and/or higher quality evidence isneeded before
precision medicine can be implemented. Areas of consensus for these
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BOX1

Contemporary diagnostic
definitions of the established
forms of diabetes

Based on the ADA Standards of Care 2022, diabetes can be

classified into the following general categories:

(1) TID is a disease caused by autoimmune damage of the
insulin-producing B-cells of the pancreatic islets, usually lead-
ing to absolute endogenous insulin deficiency, including latent
autoimmune diabetes of adulthood.

(2) T2D is a disease characterized by a progressive loss of adequate
B-cell insulin secretion frequently in the presence of excess adi-
posity and insulin resistance.

(3) GDM is a disease characterized by persistent hyperglycemia,
often diagnosed in the second or third trimester of pregnancy,
which was not determined to be prepregnancy diabetes.

Other rarer types of diabetes include:

(1) MDM, which represents a rare form of diabetes due to specific
genetic defects that cause 3-cell dysfunction with minimal or
no defects in insulin action and include neonatal diabetes and
maturity-onset diabetes of the young.

(2) Secondary forms of diabetes, such as diabetes due to other
causes such as the exocrine pancreas (for example, cystic fibro-
sis) and pancreatitis and drug- or chemical-induced diabetes
(such as with glucocorticoid use, in the treatment of HIV/AIDS or
after organ transplantation).

objectives are reflected in key milestones put forth to support the
evidence-based and scalable implementation of precision diabetes
medicine within the next decade.

The PMDIwas established in2018 by the American Diabetes Asso-
ciation (ADA) in partnership with the European Association for the
Study of Diabetes to address the untenable health and economic bur-
dens of diabetes prevention and care". The first consensus report on
precision medicine in diabetes published in 2020 (ref. 2) highlighted
that precision medicine involves tailored diagnostics or therapeu-
tics (for prevention or treatment) applied to population subgroups
sharing similar characteristics, thereby minimizing error and risk while
maximizing efficacy (Box 2). Four key pillars of precision medicine were
also defined: prevention, diagnosis, treatment and prognosis, which
canbe applied throughout the life course (Fig. 3).

Thedatainputs, technologies and tools for subgroup characteri-
zationareincredibly diverse and readiness for valid and cost-effective
implementationindiabetes medicine varies widely. The first consensus
report concluded with a call for a rigorous review elucidating effec-
tive precision medicine strategies, areas of promise and notable gaps
across MDM, GDM, T1D and T2D to inform an evidence-based road
map to optimize the integration of precision medicine into the global
response to the diabetes crisis.

The key findings of this second consensus report are that, within
the areas examined, several actionable and near-actionable examples
of precision diabetes medicine exist. However, the quality of data is
generally low, and few studies have been explicitly designed to test
precision medicine hypotheses. There is also a dearth of relevant,
high-quality research in people of non-European ancestry, hindering
the development and implementation of precision diabetes medicine
in many of the most heavily burdened populations worldwide.

Evidence evaluation process

After the first consensus report in 2020 (ref. 2), the PMDI executive
committee established the PMDI consortiumto represent each of the
precision medicine pillars within the four types of diabetes across 15
working groups. The consortium comprises >200 clinical and research
investigators across all career stages and domains of diabetes exper-
tise, residing in 28 countries across four continents (see author list). A
separate cross-cutting methodology working group provided critical
training and guidance and the executive committee provided strategic
direction and administrative oversight. The working groups were
supported by administrative staff (C.G., E.M., P.S.) and medical
librarians (M.B., K.A.).

Working groups were tasked with defining the key research
questions that would need to be addressed for precision diabetes
medicine to be implemented into practice by 2030. The first consen-
sus report opted for this specific timeline to instill a sense of urgency
while allowing time for proof-of-conduct research to be undertaken.

Systematic literature review protocols were developed by the
working groups for the priority research questions, with principles for
procedure, synthesis and consensus reporting outlined by the meth-
odology working group to ensure a rigorous and consistent process.
Working groups were permitted to generate expert opinion state-
ments for hypotheses that did not reach the level of priority for a full
systematicreview. All systematic review protocols were prospectively
registered on the PROSPERO database'®". The fullmethods, results and
working group conclusions are described in the individual systematic
reviews® ',

Synthesis of evidence

The following summarizes the results and synthesis reported in the
supporting series of systematic evidence reviews from the PMDI con-
sortium for the second consensus report®°.

MDM

MDM results from a mutation in a single gene®. It can be diagnosed
inthe neonatal period (neonatal diabetes) or typically, but not exclu-
sively, before the age of 45 years. MDM diagnosed outside the neo-
natal period has historically been known as maturity-onset diabetes of
the young. There are autosomal dominant, recessive and maternally
inherited forms as well as varieties that arise from de novo mutations
and chromosome abnormalities®. Although MDM is rare, collectively
itaccounts for up to 5% of diabetes and presents opportunities for pre-
cision medicine®. Despite the clinical benefits of making a diagnosis
of MDM, many patients are misdiagnosed with T1D or T2D owing to
overlapping clinical features.

Precision diagnosis. We systematically reviewed the evidence under-
pinning two priority questions for precision diagnosis of MDM’: (1) who
should be tested, and (2) how should they be tested? Our eligible litera-
turereview included 98 studies among pediatric or adult populations
oftesting criteria and 32 studies of testing methods among individuals
with suspected neonatal diabetes mellitus or MDM.

Based on our evidence synthesis, the data support precision
diagnostics testing for (1) neonatal diabetes inallinfants aged <1 year
diagnosed with diabetes, (2) MDM in individuals aged <30 years with-
out obesity who are islet cell autoantibody-negative with detectable
C-peptide, (3) GCK-related hyperglycemia in women with GDM with-
out overweight or obesity and fasting glucose >5.5 mmol I and (4)
GCK-related hyperglycemiain youngindividuals without obesity with
persistent mild fasting hyperglycemia regardless of family history.
Ethnic-specific body mass index (BMI) thresholds should be used to
determine overweight and obesity.

Testing modalities include the use of (1) targeted next-generation
sequencing for neonatal diabetesand MDM, (2) targeted genetic pan-
els with all known causes of MDM, including mitochondrial diabetes,
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Fig.1|Sources of heterogeneity in diabetes. The success of precision diabetes medicine will be enhanced by successfully leveraging heterogeneity in diabetes. To do
so will require parsing ‘signal’ from ‘noise’; the figure illustrates the key sources of heterogeneity within each of these domains.
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Fig.2| Organogram of the PMDI consortium and workflow. Organizational structure of the PMDI consortium during the systematic review and consensus report

processes.

detection of known noncoding mutations, and copy-number vari-
ants, (3) acomprehensive panel thatincludes all recessively inherited
genes, particularly in populations with high rates of consanguinity,
(4) aseparate multiplex ligation-dependent probe amplification assay
for copy-number variants detection or genotyping assay (such as
pyrosequencing) for detection of m.3243A>G, (5) amethylation-based
assay, such as methylation-specific multiplex ligation-dependent
probe amplification for neonatal diabetes testing, since 6q24 imprint-
ing defects areacommon cause of transient neonatal diabetes mellitus,
and (6) rapid Sanger sequencing of GCK in suspected GCK-related
hyperglycemia, and the KCNJ11, ABCC8 and INS genes in suspected
neonatal diabetes.

Additional considerations for causality, penetrance, report-
ing, disparities in testing access and barriers to genetic testing and
follow-up of causal variant reporting were qualitatively reviewed.
We noted a critical gap across the literature addressing access to
genetic testing for MDM to mitigate health disparities, including
concerns with replication and external validation in non-European
ancestry populations. There was inconsistent measurement of islet

autoantibodies and C-peptide diabetes diagnosis under the age of 45
yearswith ancestry-appropriate T1D geneticrisk score data. We encour-
age the development of guidelines tailored to additional MDM types
and genes, de-identified case-sharing platforms to gather the evidence
to evaluate pathogenicity and deep mutational scanning maps of
MDM genes for variant classification. The clinical guidance for genetic
counseling, subsequentreferrals and family testing, as well as research
onthe outcomes of implementation will also be essential to maximize
precision diagnostic approaches for monogenic forms of diabetes.

Precision treatment. Precision treatment of MDM is potentially opti-
mized by characterizing anindividual’'s molecular genetic subtype and
pathophysiology; thus, we reviewed the evidence for comparative
effectiveness of therapies among populations with specific monogenic
subtypes of B-cell diabetes and severe insulin resistance®.

Most diabetes that occurs at ages <6 months is monogenic
neonatal diabetes. Sulfonylureas were recently established as the
most effective treatment for neonatal diabetes due to a potassium
channel mutation®. Our systematic review for the effects of nonin-
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BOX2

Revisions to definitions
described in the first PMDI
consensus report

Several definitions used in the first consensus report on precision
diabetes medicine? are revised here to (1) highlight key benchmarks
used to determine the success of precision diabetes medicine in
practice and (2) distinguish individual-level processes that can be
objectively quantified and incorporated into prediction models
from those that cannot, yet are integral to the transfer of medical or
health recommendations to recipients.

The following terms are revised:

Precision medicine:

From: “Precision (or stratified) medicine emphasizes tailor-
ing diagnostics or therapeutics (prevention or treatment)
to subgroups of populations sharing similar characteristics,
thereby minimizing error and risk while maximizing efficacy””

To: “Precision medicine focuses on minimizing errors and
improving accuracy in medical decisions and health recom-
mendations. It seeks to maximize efficacy, cost-effectiveness,
safety, access for those in need and compliance compared
with contemporary evidence-based medicine. Precision
medicine emphasizes tailoring diagnostics or therapeutics
(prevention or treatment) to subgroups of populations
sharing similar characteristics.”

Personalized and individualized medicine:

From: both terms are used interchangeably, defined as:
“the final step in the process of translating knowledge into
practice”

To: “The use of a person’s own data to objectively gauge the
efficacy, safety, and tolerability of therapeutics, and, sub-
jectively, to tailor health recommendations and/or medical
decisionsto theindividual’s preferences, circumstances, and
capabilities™".

sulin treatments included 19 studies in individuals with 6q24-related
transient neonatal diabetes*; all studies graded as having moderate or
seriousrisk of bias. Insome, but not all, studies, sulfonylurea use during
the neonatal period improved diabetes outcomes, allowing cessation of
insulin, and was well tolerated. Evidence for the efficacy of a variety of
noninsulin therapies was more consistent later in life during arelapse
phase. We reviewed 32 studies in individuals with SLCI9A2-related
neonatal diabetes, also known as thiamine-responsive megaloblastic
anemia, all with moderate or serious risk of bias. Most studies described
some potential benefits of thiamine, such as reduction or cessation
of insulin use and/or improved glycemic control, with no reports of
adverse effects. We concluded that the current evidence is low quality
for clinical guidance on use of noninsulin therapy with 6q24-related
diabetes or thiamine in thiamine-responsive megaloblastic anemia.
We evaluated the effects of therapies for HNF1A diabetes, HNF4A
diabetes and GCK-related hyperglycemia reported in 34 studies,
including four randomized controlled trials (RCTs). Sulfonylureas

are effective specifically in HNFIA diabetes for glycemic control, more
sothaninindividuals with T2D. For HNF1A and HNF4A diabetes, transi-
tioning frominsulin or other noninsulintherapies to sulfonylureas may
improve glycemic control. Some experimental studies demonstrate
glinides and glucagon-like peptide-1receptor agonists (GLP1-RAs) may
be alternatives to sulfonylureas for HNF1A diabetes, as well as dipep-
tidyl peptidase 4 inhibitors asaugmentative therapy. For GCK-related
hyperglycemia, published case series indicate that treatment should
notbe given and can be discontinued.

Monogenicdisorders of severe insulinresistance include general-
ized lipodystrophy caused by mutationsin AGPAT2 and BSCL2, partial
lipodystrophy with mutationsin LMNA and PPARG, and pathogenic vari-
antsinthe /NSR gene. Safety and efficacy of recombinant humanleptin
(metreleptin) and thiazolidinediones were analyzed in populations
with lipodystrophy syndromes and recombinant insulin-like growth
factor-1in/NSR mutation carriers. Of 43 nonrandomized experiments
and cause series included for review, most individuals had partial
lipodystrophy, some had generalized lipodystrophy and few carried
INSR mutations. This evidence had moderate or serious risk of bias.
Response to metreleptin was described in subgroups with familial
partial lipodystrophy and congenital generalized lipodystrophy, where
treatment was related to lower triglycerides in aggregated lipodys-
trophy, partial lipodystrophy and generalized lipodystrophy, as well
asthosewith LMNA, PPARG, AGPAT2 or BSCL2 mutations. HbAlc levels
decreased inallbut AGPAT2. Thiazolidinediones lowered triglycerides
and HbAlc levels in aggregated lipodystrophy, and triglycerides in
LMNA but not PPARG. Response to insulin-like growth factor-1, alone
orincombination with IGFBP3, lowered HbAlclevels. There were very
few adverse events reported for any therapies, possibly due to small
samples sizes and underreporting.

Precision prognosis

We reviewed evidence describing the incidence and severity of
diabetes-related microvascular and macrovascular complications
in populations with permanent neonatal diabetes due to pathogenic
variants in KCNJ11 and ABCC8, and MDM due to pathogenic variantsin
HNFIA, HNF4A and GCK®. Extra-pancreatic complications (for example,
hepatic adenomas in HNFIA diabetes, developmental delay, epilepsy
and neonatal diabetes syndrome) were beyond the scope of the review.

Individuals with most forms of MDM are at high risk of microvas-
cular and macrovascular complications, impacted by poor glycemic
control. Many studies focused on younger populations diagnosed with
neonatal diabetes, where rates of severe microvascular complications
were low. Their risk may be in part mitigated by improved glycemic
controlin neonatal diabetes related to pathogenic variants in the KCN/11
and ABCC8 genes and HNFIA diabetes and HNF4A diabetes, where
precisiontherapy with sulfonylureasis available. Additional long-term
follow-up studies will beimportant to understand the natural progres-
sion of microvascular and macrovascular complications in permanent
neonatal diabetes mellitus from mutations in KCNJ/11 and ABCCS.

From 78 articles, retinopathy and microalbuminuria were
reported in cases with neonatal diabetes mellitus, but progressive
retinopathy and severe renal disease were uncommon. Populations
with isolated GCK-related hyperglycemia have overall very low rates
of diabetes-related complications. Indeed, microvascular complica-
tionswere veryrarein cohortstudies of populations with GCK-related
hyperglycemia and prolonged disease duration (>50 years).

Recent studies of HNFIA diabetes reported lower rates of com-
plications compared to those published earlier (for example, for
retinopathy, 17% in recent versus 47% earlier; for cardiovascular dis-
ease (CVD), 7% in recent years versus 16% earlier). In recent studies,
rates of microangiopathic complications observed were less than in
T1D, although rates were similar or higher among these populations
in older studies. More recent studies of patients with HNFIA dia-
betes and HNF4A diabetes show improved prognosis of diabetes
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algorithms to identify individuals with shared characteristics that are more likely
to benefit from targeted screening and preventive and treatment strategies for
the prevention, diagnosis and management of diabetes.

microvascular and macrovascular complications, likely reflecting an
earlier molecular diagnosis, tighter treatment targets and higher rates
of precision therapy.

GDM

GDM is abnormal glucose tolerance with onset or first recognition
during pregnancy. GDM is the most common metabolic complica-
tion of pregnancy. Unlike most other forms of diabetes, the onset of
GDM is rapid and typically resolves after delivery. Nevertheless,
the short- and long-term health risks that GDM poses to the mother
and offspring can be substantial, underscoring the importance of
widely available screening, diagnosis and effective treatment.

Precision prevention. We systematically reviewed results of 116 inter-
ventions on GDM prevention, including diet and/or exercise (dietn=16;
exercise n=17; diet and exercise combined n =59), metformin (n=13)
and supplements such as myoinositol/inositol, probiotics and fish
oil (n=12)°. We considered interventions initiated in the preconcep-
tion or antenatal period and reporting GDM among its outcomes for
prevention efficacy.

In our meta-analyses, lifestyle interventionsled to lower incidence
of GDM compared with control care: diet only by 25%, exercise only by
31%,and combined diet and exercise by 18% (moderate-to-low-quality
evidence). Metformin reduced GDM by 34%, and myoinositol/inositol
supplements by 61%; however, this evidence was rated very low quality.
Only seven trialsinitiated interventions in the preconception period.
Metformin interventions implemented in the preconception period
had better GDM risk reduction when compared to those initiated dur-
ing pregnancy. For exercise-only interventions, greater risk reduction
for GDMwas seeninstudies enrolling womenwitha BMIlin the normal
range. Combined diet and exercise interventions were more effective
in GDMreductionamong women with overweight or obesity, without
polycystic ovary syndrome, without history of prior GDM and with
advanced maternal age at pregnancy. Metformin was relatively more
effectivein preventing GDM among women with a history of polycystic
ovary syndrome, with older maternal age and with higher fasting blood
glucose at enrollment. Parity, education and employment status, race
and history of having alarge for gestational age infant did not appreci-
ably impact the effectiveness of interventions. These findings came

primarily from comparing effect estimates across trials with different
participant characteristics rather than from within-study analyses stra-
tified by participant characteristics. Overall, the strength of evidence
for GDM risk reduction with the use of lifestyle modification, met-
forminand myoinositol/inositolis moderate to very low. Moreover, few
datawereavailable to determine which individual characteristics might
predict who would benefit most from a given type of intervention.

Future research should include interventions in early pregnancy
withsufficient sample size to assess GDM as a primary outcome as well
as to provide results stratified by pertinent participant characteris-
tics, including social and environmental factors, clinical traits and
othernovelrisk factorsto predict the effectiveness of GDM prevention
programs.

Precision diagnosis. The overarching goal of the GDM precision diag-
nosis working group was to review evidence of precision markers
beyond glycemic level (that is, information about a person’s patho-
physiology, environment and/or context) that might help refine
the diagnosis of GDM. Through the lens of clinical translation, we
investigated the evidence supporting GDM subtypes and etiologic or
pathologic heterogeneity, as well as associations with adverse perinatal
outcomes'. The systematic review and meta-analysis focused on obser-
vational studies evaluating maternal and fetal anthropometry, clinical
and sociocultural/environmental risk factors, genetics, omics and
nonglycemic biomarkers that could identify subgroups of individuals
with diagnosed GDM at differentially higher risk of adverse pregnancy
outcomes. Of 137 studies included, 68 studies evaluated maternal
anthropometry as a potential modifier or precision marker related to
pregnancy outcomes. The meta-analysis among a subset of studies
reporting on maternal BMlinrelationtorisk for neonatal large for ges-
tational age and/or macrosomia. Forty-nine studies evaluated maternal
clinical or sociocultural factors, and 30 studies evaluated nonglycemic
biomarkers, lipids and insulin sensitivity/secretionindices. Few studies
incorporated fetal anthropometry (11studies), risk-prediction models
with multiple variables (six studies) or genetics/genomics and other
omics (five studies).

Anthropometry measures were the most analyzed risk factor with
outcomes among pregnancies complicated by GDM. Meta-analyses
demonstrated that women with GDM and overweight/obesity have
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two to three higher risk for neonatal macrosomia or neonatal large
for gestational age. Larger birthsize is the leading risk factor for birth
trauma (shoulder dystocia) and emergency C-section. Regarding
nonglycemic biochemical markers (n =33 studies), lipids and insulin
resistance or secretion indices were the most studied, with elevated
maternal triglycerides and insulin resistance generally associated
withgreaterrisk of neonatal large for gestational age and macrosomia;
study findings were inconsistent. Studies reporting on genetics and
omics were scarce. Few studies described risk-prediction models with
multiple variables. Traditional GDM risk factors, such as advanced
maternal age, parity, prior history of GDM or family history of diabetes,
were not consistent markers of adverse perinatal outcomesinwomen
with GDM. There was sparse evidence to support conclusions for the
role of race, ethnicity or country of origin as precision markers, given
high heterogeneity across studies, and that data interpretation is
dependent on sociocultural context. Very few studies investigated
diet, physical activity or psychological health as precision markers
for diagnosis of GDM.

For most of the precision markers (other than BMI), it will be
necessary to conduct validation and replication studies in adequately
powered studies of people representing the diversity of target
populations. For precision biomarkers, validated, standardized and
affordable assays are required for broad adoption by clinical labora-
tories. There is a need to identify and test different clinical decision
and management strategies if a precision diagnostic identifies awoman
athighrisk of perinatal complications. Finally, for modifiable precision
markers (for example, lipid levels, insulin sensitivity), novel interven-
tionsshould be developed and validated that specifically target these
markers during pregnancy.

Precision treatment. It is unknown whether precision treatment of
GDM could improve maternal and/or offspring outcomes. We con-
ducted asystematic review of evidence for precision markers of GDM
treatment success to determine (1) which precision approaches in
addition tostandard of care canenable achievement of glucose targets
with lifestyle measures alone, and (2) which characteristics predict
whether glucose targets can be achieved in women treated with diet
and lifestyle alone, and in women receiving oral agents™.

Only two studies reporting personalized approaches of tailor-
ing lifestyle-based treatments in GDM met the inclusion criteria for
review, with variable findings for prepregnancy BMI or excessive ges-
tational weight gain as precision markers for intervention efficacy
and implementation. For predictors of escalation with the need for
pharmacological interventions, 48 studies were included, and 34 stud-
ies were included in meta-analyses. Precision markers for successful
GDM management with lifestyle measures without the need for addi-
tional pharmacological therapy (insulin, metformin and/or glyburide;
34 studies) were (1) younger maternal age, (2) nulliparity, (3) lower
BMI, (4) no previous history of GDM, (5) lower levels of HbAlc, fasting
glucose and postchallenge glucose concentrations (at1,2 and 3 h),
(6) no family history of diabetes, (7) later gestation of diagnosis of
GDM, and (8) no previous macrosomia. Similar precision markers
for successful treatment with metformin and/or glyburide without
requiring supplementary insulin were found with the addition of later
gestation of initiation of the oral agent (12 studies). Data were lacking
toidentify precision markers of responses to one agent versus another.
Only two studies included genetics or omics as potential markers for
treatment escalation. The studies were limited by the predominant
focus on high-income settings and the small sample sizes.

Overall, based on findings from moderate-to-good quality, key
maternal characteristics were identified that may be used to build
prediction models for pharmacological GDM treatment. Precision
markers for GDM treatment are usually available from routine clinical
measures; however, it is unknown whether other precision markers
could beidentified (for example, genetics or omics) or whether these

can be implemented in clinical practice. Future studies should be
appropriately powered and designed to assess individual precision
markers or algorithms incorporating multiple precision markers.
Validation and replication in diverse populations are lacking and are
alsoneeded.

Precision prognosis. GDM incurs health risks to both a mother and
her offspring, not only during pregnancy and at delivery but also
over the longer term. The systematic evidence evaluation focused on
studies describing predictors of postpartum and long-term cardio-
metabolic outcomes in women with GDM and their offspring’. The
evidence synthesis focused on prognostic endpoints of T2D and CVD
for women with prior GDM, as well as anthropometric features and
preclinical cardiometabolic biomarkers among offspring exposed to
GDMinutero. Weincluded 89 studies of which 55 reported on maternal
outcomes (52 observational, three RCTs) and 45 reported on offspring
outcomes (37 observational, eight RCTs).

Collectively, studies reported that women with a history of GDM
areathigherrisk of T2D and CVD, with adose-dependent relationship
between degree of pregnancy hyperglycemia and these outcomes.
Similarly, offspring born to women with more severe GDM had more
adiposity and higher risk of being overweight or of obesity across the
life span. GDM severity was also associated with greater risk of incident
T2D and CVD among women and with an unfavorable cardiometabolic
profile in offspring later in life. Broadly, the relationships between
GDM severity and the maternal/offspring outcomes were robust to
adjustment for gestational week at diagnosis, offspring birth size
and family-level socioeconomic status; however, failing to adjust for
maternal BMI and lifestyle factors was a concerning source of bias for
the relationships of GDM with offspring outcomes.

Some studies considered whether the type of treatment needed
to achieve glycemic targets in women with GDM is a precision marker
for long-term outcomes. Treatment with insulin, but not lifestyle,
had a worse prognosis for both mothers and offspring; however,
this apparent effect could be due to the prescription of insulin when
GDM is ‘more severe’, which may be partly due to confounding by
indication. Unfavorable maternal and child outcomes associated
with GDM history (exposure) were modified by lifestyle. For maternal
outcomes, the primary risk mitigators were healthy diet and regular
moderate-to-vigorous physical activity. For offspring outcomes, the
offspring’s diet and physical activity modified cardiometabolic risk.
Greater exclusivity and longer duration of breastfeeding attenuated
cardiometabolic risk among GDM-exposed offspring, although this
literature was less robust than that for reduction of the risk for T2D in
breastfeeding women with prior GDM. There is presently very limited
evidence about the role of omics biomarkers and polygenic scores (for
T2D or CVD) inwomen with prior GDM.

Despite the above insights, studies regarding GDM prognostic
factors indicative of future maternal and offspring cardiometabolic
health are generally low quality. Most current literature describes
retrospective studies leveraging registry data and observational
cohort studies; inferring causal relationships from these data about
prognostic factors is hampered by risk of confounding and reverse
causation (attributable, for example, to preexisting conditions and
other pregnancy characteristics).

TiD

T1D results from autoimmune-induced destruction of the pancreatic
B-cells, requiring insulin treatment for survival. While representing
~2% of all forms of diabetes worldwide’, T1D has a large healthcare cost
owingtotheearly age at onset for many affected, the high cost of insulin
andrelated technologies (insulin infusion pumps, continuous glucose
monitors (CGM), hybrid closed loop systems) and elevated risk of both
microvascular and macrovascular complications. Growing insights
into the pathogenesis of T1ID motivated the classification of the disease
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in different stages, with stage O being presence of 1 autoantibody in
people at high genetic risk, stage 1and 2 being the presence of two or
moreisletautoantibodiesin normo- (stage1) or dysglycemia (stage 2)
and clinical diabetes (stage 3). Etiologic heterogeneity is recognized
inboth children and adults.

Precision prevention. A key question in T1D is whether individual
characteristics or biomarkers can be used to identify those most
likely to respond to disease-modifying therapy before clinical TID
onset (stage 3). We conducted a systematic review of RCTs focused
on the identification of features associated with treatment response
published over the past 25 years®. Multiple trials were identified that
compared disease-modifying agents, mostly immunotherapies, to
placebo. A formal meta-analysis was not conducted given the hetero-
geneity of interventions and approaches. Of 75 manuscripts extracted
for review, 15 described prevention trials with the remainder focused
ontreatmentin the recent- or stage 3-onset period.

Prevention trials generally enrolled individuals at elevated genetic
risk, typically based on the presence of a first-degree relative with
T1D and/or withislet autoimmunity, with or without changes in 3-cell
function (stages O to 3). Studies commonly used time-to-diabetes asan
outcome. Stage 3 studies used more consistent eligibility criteriaand
frequently tested C-peptide areaunder the curve asaprimary outcome.
Fifty-sevenstudies, including primary trials and longitudinal follow-up
of trials, performed precision analyses, specifically testing features
associated with treatment response. Analyses tested the associations of
many features with treatment response, most commonly age, measures
of B-cell function and/or animmune phenotype.

Overall, the RCTs received high-quality ratings and were graded
to have alow risk of bias; however, precision prevention analyses had
lower quality rankings. Reasons for this were that studies typically
did not prespecify an analytic plan, had inconsistent reporting of key
methodologic details (for example, sample size or a correction for
multiple comparisons) and tended to report only positive (that is,
statistically significant) findings. There is large interest in precision
features associated with treatment response to disease-modifying
therapy in T1D; however, most analyses were exploratory without
follow-up with prespecified prospective analyses.

We recommend that future studies are powered to undertake
multiple prespecified analyses to permit statistically robust testing
offeatures associated with treatment response (for example, through
stratified effects or biomarker-treatment interactions). These data
will be required for the effective identification and implementation
of precision approaches to disease-modifying therapies.

Precision diagnosis. Islet autoantibodies are validated predictors of
disease progressionand are beingincorporatedinto clinical practice.
We focused this systematic evidence review" on determining whether
autoantibodies help stratify subgroups across four settings: (1) disease
progression before stage 3 diagnosis, (2) disease presentation/stage
3 diagnosis, (3) disease progression after stage 3 diagnosis and (4)
response to disease-modifying interventions.

Weidentified 151 publications, 90 relevant to progression before
stage 3,44 for heterogeneity at stage 3, 11 for progression after stage 3
and 13 for interventions. While insulin autoantibodies are commonly
thefirsttoappear before diagnosisinyounger children, the presence of
IA-2 autoantibodies corresponds with faster disease progression. Inter-
actions between high-risk HLA alleles (for example, HLA-DRB1*03:01
and HLA-DRB1*04:01), the number and types of islet autoantibodies,
and age at seroconversion are most often used in models (or added to
existing models) to predict disease. The replacement of traditional
radio-binding assays with electrochemiluminescent assaysimproved
the sensitivity of some autoantibody testing and identified high-risk
subgroups (individuals with two or more autoantibodies) who were
previously low risk (positive for a single autoantibody).

Atstage 3 diagnosis, the presence of specific autoantibodies cor-
related with age, suggesting that the inciting antigens are different
in younger, compared to older, individuals. The primary antibodies
at seroconversion often disappeared at the time of stage 3 diagnosis.
There was weak evidence that declining islet autoantibody titers and
the number of autoantibodies after stage 3 diagnosis corresponded
to preserved residual C-peptide level, thereby not supporting the
use of islet autoantibodies to define heterogeneity in metabolic out-
comes. Evidence of islet autoantibody features to predict response to
disease-modifying therapies was modest, making theimpact of aspe-
cificantigen (and its corresponding autoantibody) less significant. For
clinicalimplementation, the grade of evidence is limited by the reports
(1) being mainly from European ancestry populations, (2) rarely correct-
inganalyses for multiple comparisons, (3) consisting of observational
measurements from RCTs limited to observational endpoints and (4)
inconsistently reporting on assay methods and validation.

These results suggest thatislet autoantibodies are useful to define
heterogeneity in T1ID before stage 3 diagnosis, and that benefit will be
gained by incorporating age and geneticsintorisk scores. Thoughtfully
designed, prospective trials are needed to apply these observations and
develop precision medicine approaches to diagnosis and treatment.
Inacorresponding paper®, amethods checklist is proposed to ensure
reproducibility and applicability of islet autoantibody-based research.

Precision treatment. Treatment of clinical, stage 3 TID includes insu-
lin therapy, adjunctive agents, nutrition, exercise, behavioral health,
glycemic targets and transitions of care; however, in the last decade,
the major development for people living with T1ID has beenintechnol-
ogy. This systematic evidence review focused on whether diabetes
management technologiesimpact clinically relevant outcomes, based
ondifferences between subpopulations™.

A systematic review of 71 peer-reviewed RCTs and related sec-
ondary/extension studies with at least 50 participants from the past
10 years concluded that novel technologies (ranging from isolated
CGM, decision-support tools, continuous subcutaneous insulin infu-
sion pumps, to advanced hybrid closed loop systems) have resulted
in lower HbAlc levels, increased CGM-defined time-in-range glucose
between 70-180 mg dI?, reduced hypoglycemia risk and improved
person-reported outcomes. Thebroad array of technologies permits the
application of individualized treatment plans for people living with T1ID
but limits cross-trial comparisons or meta-analyses. CGM use among very
young children reduced the risk of hypoglycemia and lowered parental
distress while having minimal impact on HbAlc level and time-in-range
when compared to self-monitoring of blood glucose. Technologies that
include sensor-augmented pump therapy, predictive low glucose sus-
pend pumps and automated insulin-delivery systemsimproved hypogly-
cemia, time-in-range and HbAlc levels across all age groups. Age of the
individual should be considered in clinical decisions related to technol-
ogy use. Variation in baseline glycemic status (for example, suboptimal
versustargeted HbAlclevel) did not consistently impact these outcomes.

Important limitations of published trials were identified. There
is limited availability of preplanned or well-powered analyses in sub-
groups (for example, children, older adults or people with advanced
complications). While the quality of evaluated RCTs is high with a
low risk of bias, high-quality data related to these subpopulations is
needed, and results are considered exploratory until appropriately
powered studies are conducted and findings are adjusted for multiple
comparisons. Confounding variables, including (1) access to technolo-
gies, (2) education with device initiation, (3) concomitant behavioral
modifications and (4) frequent contact with the healthcare team are
rarely described in enough detail to assess their impact.

Precision prognosis. The landmark Diabetes Control and Complica-
tions Trial demonstrated thatintensive glucose control effectively pre-
vents microvascular complicationsinindividuals with uncomplicated
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andrecent-onset T1D (<5Syears), as well as those with more thanSyears
since diagnosis and mild nonproliferative diabetic retinopathy***.
However, glucose control accounts for only 50% of T1D complication
risk?**?’. Moreover, certain subgroups, including the elderly, young
children and people with hypoglycemia unawareness or autonomic
neuropathy, may be harmed from severe hypoglycemiaresulting from
tight glucose control®®. This highlights the importance of identifying
additional nonglycemic interventions to mitigate complication risk
for all people living with T1D.

Epidemiological studies have identified additional (epi-)genetic,
biological and phenotypic traits in people with T1D at higher risk for
kidney, eye and neurological complications and a worse prognosis.
Presence of risk factors traditionally associated with CVD and T2D
such as overweight, dyslipidemia, hypertension and smoking also
contribute to the development of advanced stages of kidney disease,
peripheral neuropathy, retinopathy and CVD in TID***, Although
cholesterolandblood pressure levels outside of current clinical targets
increase complicationrisk in TID*>*, TID-specific recommendations
arelacking.

Recent evidence has identified distinct changes in lipid and
amino acid metabolism that predict earlier, more rapid kidney
function decline in T1D*. Additionally, socioeconomic and psy-
chological factors play a role in microvascular complications® 5,
Although evidence from RCTs is absent, blood pressure control with
renin-angiotensin-aldosterone system (RAAS) inhibition and the use
of statins for hyperlipidemia are promising therapies against progres-
sionto hard endpoints (for example, end-stage renal disease or CVD);
however, thereis ascarcity of evidence that precision medicine alters
prognosisin T1D.

Arare example of precision prognosisin T1D relates to the hapto-
globin (HP) genotype. Inthe Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and Complications study,
coronary artery disease (CAD) risk was comparable between the inten-
sive and conventional therapy groups with the HP 2-2 genotype®.
CAD risk was greatly reduced with intensive therapy in noncarriers of
HP2-2. Similarly, although better glycemic control was associated
with lower CAD incidence in the EDC study, a residual risk related to
HP2-2 was observed™*,

After the Diabetes Control and Complications Trial, there has been
little evidence from RCTs for evaluating the impact of tight glycemic
controlinspecific subgroups with respect to complications; however,
clinical precision medicine is utilized in the prognosis and choice of
therapy for people with T1D. More sophisticated decision tools, based
ondeeper genetic and phenotypic profiling in multi-ethnic cohorts are
needed to improve personalized prognosisin T1D.

T2D

Approximately 500 million people worldwide are estimated to have
T2D*, whichis predicted to rise to 1.3 billion by 2050 (ref. 42). A diagno-
sisof T2D is one of exclusion, occurring when other plausible explana-
tions for chronically elevated blood glucose have been considered and
dismissed. This high degree of uncertainty and potential heterogeneity
presents major challenges for the prevention and treatment of T2D.

Precision prevention. Large-scale RCTs demonstrate that dietary or
lifestyle interventions can delay the progression to T2D. However, there
is large interindividual variability in response to preventive interven-
tions*. Identifying predictors of response to interventions and the
characteristics of people who would be most likely to benefit remain
high priorities and are key focus areas for precision prevention in
T2D". This systematic review identified 33 trials focused on lifestyle
interventions (n = 24 studies), dietary modification (n = 4 studies) and
dietary supplementation (n = 5studies). From the 33 trials, there were
80 post hoc stratified analyses based on demographic, clinical, social
or molecular factors.

Sociodemographic characteristics such as age, sex, race/ethnic-
ity or socioeconomic status were not found to significantly affect
response to intervention. We found evidence, albeit of low quality,
that individuals with poorer health status at baseline, in particular
prediabetes, tend to benefit more fromlifestyle and dietary interven-
tions than healthier individuals. Studies that stratified on body size at
baseline reported inconsistent observations, with some showing that
those with a lower BMI benefited more from intervention, whereas
other studies found no difference according to body size. There was
suggestive evidence that individuals who smoke and those with lower
levels of physical activity at baseline benefited less from a lifestyle
program, whereas no such interactions were reported for dietary
or supplement interventions. There was little evidence that genetic
factors or biomarkers attenuated or exacerbated the effects of these
interventions.

Although our systematic review included intervention studies,
most of which were RCTs with low risk of confounding, we evaluated
certainty of post hoc stratification analyses. This suggested that
statistical power was often limited. Further, most did not adjust for
individual-level risk factors.

Although T2D can be prevented or delayed in tightly controlled
clinicaltrials, adherence to lifestyle or diet modificationsin real-world
settings is often suboptimal. Thus, to maximize success of precision
preventioninterventionsitwillbeimportant toincorporate methods
tailored to the individual that enhance adherence.

Precision diagnosis. In this systematic review®, evidence was assessed
for optimization of T2D diagnosis through subclassification using (1)
approachesinvolving ‘simple’ categorization of clinical characteristics
such as biomarkers, imaging or other routinely available parameters
and (2) ‘complex’ approaches involving machine learning applied to
omic and genomic data.

Current data on the clinical value of T2D subclassification come
predominantly from populations of European ancestry. Though
glycemic measures are used to diagnose T2D, several nonglycemic
measures were consistently applied to subclassify disease, including
BMI, homeostatic model assessment of insulin resistance, C-peptide
and lipid profiles.

Simple T2D subclassification approaches focused on datainclud-
ing pancreatic autoantibodies, BMI, measures related to pancreatic
B-cell function, age at diagnosis, lipid profiles, oral glucose tolerance
test measures and cardiovascular features. The study designs, specific
cutoffs and outcomes were heterogeneous, with no study replicated or
meeting high Grading of Recommendations Assessment, Development
and Evaluation (GRADE) quality.

Complex approaches yielded some reproducible subtypes of
T2D. The most frequently replicated subtypes were the clusters first
described by Ahlqvist et al.**, which were replicated in 22 studies,
including people of diverse ancestries. These studies used k-means
clustering applied to exposures assessed close to diabetes diagnosis:
age, HbAlc, BMI, homeostatic model assessment of 3-cell function,
homeostatic model assessment (2) of insulin resistance and GAD-65
antibody. The four nonautoimmune diabetes subtypes described were
severe insulin-deficient diabetes, severe insulin-resistant diabetes, mild
obesity-related diabetes and mild age-related diabetes. Associations
ofthese subtypes with clinical outcomes, including glycaemia, micro-
vascular and macrovascular outcomes and death, were replicated in
12 studies. There was also replication of genetic subtypes of T2D from
Udler et al.*, with associations with clinical features seen in multiple
cohorts of European ancestry.

Subclassification strategies for T2D have been associated with
meaningful clinical outcomes.However, evidencesupportingthe clinical
application of these subclassification approaches is of moderate
quality at best. Further ancestry-inclusive and high-quality evidence
is needed. In contrast to simple approaches, the clinical application
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of machine-learning-derived approaches may require real-time
computation of subphenotype classification of an individual
with T2D, and necessary computing resources may be unavailable in
some settings.

Precision treatment. This systematic evidence review’ focused on
two of the most recently introduced antihyperglycemic drug classes,
SGLT2inhibitors (SGLT2i) and GLP1-RAs. These drugs have been shown
in RCTs to not only reduce glycemia but also to lower the risk of renal
and CVD outcomes among high-risk individuals with T2D. Other
therapeutics were not included in this evaluation owing to the
complexity and volume of this literature.

The population of those with T2D is heterogenous in its demo-
graphics, clinical features and prognosis; thus, there may be differ-
ences in response to one or both of these drug classes. A systematic
review was conducted to identify individual-level demographic, clini-
cal or biological biomarkers associated with heterogeneous glycemia,
CVD and renal outcome in individuals with T2D treated with SLGT2i
or GLP1-RA.

For SGLT2i,339 full-text articles were screened, which yielded 101
studies for evaluation; for GLP1-RA, 161 full-text articles were screened,
yielding 75 studies for evaluation. These studies predominantly repre-
sentsecondary analyses of industry-funded, placebo-controlled trials,
or meta-analyses of these trials, with a few observational studies. The
most common stratification variables were demographics, baseline
HbAlc, obesity and preexisting CVD or nephropathy.

Overall, limited evidence was found for robust modification of the
effects of GLP1-RA or SGLT2i on glycemia, renal or CVD outcomes by
these features. For SGLT2i, reduced baseline renal function was associ-
ated withlesser glycemic response, while a higher baseline HbAlclevel
was associated with greater glycemic response. For GLP1-RA, a lower
B-cell function was associated with alesser glycemic response. Gener-
ally, the strength of evidence was modest, largely reflecting a lack of
studies designed and sufficiently powered to address the question of
treatment effect heterogeneity.

Precision prognosis. This systematic review included a meta-analysis'®
to combine evidence from longitudinal studies of individuals with
T2D for markers predicting CVD and evaluated their predictive util-
ity beyond current practice. After full-text review, 416 studies were
analyzed with 77% focusing on nongenetic biomarkers, 12% on genetic
biomarkers and 11% on risk scores.

There were 195 novel nongenetic biomarkers for CVD, of which
134 (69%) had a net positive number of studies showing a significant
adjusted association. Of these, 12 biomarkers showed improvement
in c-statistic, net reclassification index or integrated discrimination
index consistently in more than one study. Considering the results of
our pooled meta-analyses, nonpooled analyses, evidence forimproved
prediction performance indicators and risk of bias, we found high
predictive utility for N-terminal pro b-type natriuretic peptide (high
evidence), troponin T and triglyceride-glucose (moderate evidence),
moderate predictive utility for coronary computed tomography
angiography and single-photon emission computed tomography
(low evidence) and pulse wave velocity (moderate evidence), and
low predictive utility for C-reactive protein (moderate evidence),
coronary artery calcium score, galectin-3 (Gal-3), troponin I, carotid
plaque and growth differentiation factor-15 (low evidence).

Amongthe 48 genetics studies, 79 genetic biomarkers were evalu-
ated for CVD outcomes, 29 having a net positive number of studies
with asignificant association. Three genetic biomarkers demonstrated
promise: rs10911021in GLUL, genetic risk score (GRS) for CAD and iso-
forme4in APOE. Only the GRS for CAD showed improvementinall three
performanceindicatorsinasingle study. A few studies employed differ-
ent GRSs using up to 204 variants from 160 distinct loci derived from
the general population that were externally validated, demonstrating

improvements in CVD risk reclassification and significant enhance-
ments in discrimination indices. Most studies, however, were con-
ductedin European ancestry populations, with afew of Asian ancestry
and very little or no representation of most other ethnicities. Some
studiesreportarelative integrated discriminationindex >6%, suggest-
ing adequate predictive utility for the GRS for CAD, but this will need
to be confirmed in appropriately designed ad hoc trials, to confirm
clinical utility and transferability to other ancestries.

Risk scores showed overall modest discrimination, and model
performance tended to decline when validated in countries that dif-
fered from the derivation cohort. Most studies focused on baseline
characteristics and did not account for time-varying factors that may
modify CVDrisk, such as medications.

Insummary, the highest predictive utility was found for N-terminal
pro b-type natriuretic peptide, troponin T, triglyceride-glucose and
GRS for CAD, with NT-proBNP having the highest level of evidence.
Prospective studies evaluating prognostic biomarkers and risk
scores as clinical decision-support tools in T2D are scarce, as is infor-
mation on their cost-effectiveness. Our findings illustrate the need
for development and validation of prognostic markers for CVD in
diverse populations of people with T2D to promote equity in precision
diabetes care.

Consensus onimplementation of precision
diabetes medicine

The PMDI consortium working groups convened over two in-person
meetings to deliver consensus across the precision medicine pillars
and diabetes domains. Their main objectives were identifying evi-
dence tosupportimmediate clinical applications of precision medicine
approaches and the gapstoaddress otherwise. Although the framework
weoutlined using the pillars of precision medicine may help structure
approachesin research and practice, there will be overlap between
pillarsinsome settings. For example, ‘precision diagnostics’may focus
onidentifying diabetes subtypes that are treatment-dependent, and
within ‘precision prognostics’ there may be elements of ‘precision
prevention. Thus, while these pillars may help with implementation of
precisionmedicineinbothresearch and practice settings, they should
not be considered monolithic.

Promising applications of precision medicine in diabetes
Through the systematic reviews of prioritized diabetes research
questions, we identified cases where the available evidence supports
the use of a precision medicine approach. Research for MDM has
witnessed progress for precision diagnosis, underscored by major
advances in the availability and affordability of next-generation
sequencing technologies for genetic testing.

In women with a GDM pregnancy, factors reflecting severity of
GDM, including higher serum glucose values or the number of time
points with elevated serum glucose at the diagnostic oral glucose
tolerance test, earlier gestational age at diagnosis and insulin treatment
requirement predicted GDM treatment success and risk of long-term
prognostic outcomes for mother*® and offspring*’. Precision preven-
tion, diagnosis and treatment research should leverage information
provided by readily available clinical measures to support GDM care.
Published evidence shows that maternal BMI, insulin sensitivity and
secretion and dyslipidemia may enhance precision diagnostic tools™.
Beyond this, thereisaneed for furtherresearchto develop and validate
algorithms predicting GDM treatment success or risk of complications
using traditional clinical factors possibly combined with novel mark-
erssuch as metabolomics, paving the way for precision treatment and
prognosis tools.

InTID, clinical prevention strategies are increasingly informed by
the primary etiology and progressionin those at elevated genetic risk.
Recent approval by the US Food and Drug Administration (FDA) of an
anti-CD3 monoclonal compound (teplizumab) for use in stage 2 TID
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has provided evidence of slowing, if not blocking, disease progression.
Heterogeneity inresponse to preventive therapies represents amajor
opportunity for researchand clinical investigation. In T1D, genetic risk
hasbeen defined largely using data from pediatric-onset populations
of European ancestry individuals, aiding the development of GRS
in this group that, when coupled with islet autoantibody testing,
predicts disease development and aids diagnosis.

Precisionmedicinein T2D includesrefining the subclassification
of diabetesinto pathophysiologically and clinically meaningful disease
subtypes** or the development of probabilistic scoring algorithms
to assert likely ‘archetypes™®. The methods and data inputs to these
derivations are diverse, often with machine learning unsupervised
clustering methods applied to clinical and genomics or other omic
data. Theapplication of such approaches to the clinical setting is likely
to require further refinement of classification models, as only about
athird of people with diabetes can be reliably subclassified currently,
and people tend to drift between diabetes subtypes as their disease
progresses*®, making longer-term prognosis challenging. The most
promising precision approaches to T2D treatment, however, are to
use individual patient-level features to predict differential treatment
outcomes®. Thereis now robust evidence that routine clinical features
and pharmacogenetic biomarkers alter glycemic response for all major
drug classes after metformin, supported by the recent prospective
TriMaster trial’®. Development of treatment decision-support tools
prioritizing routine clinical features would provide a low-cost and
equitable approachto T2D precision treatment that may be of special
utility inglobal regions where access to essential diabetes medications
isvery limited.

Research gaps to accelerate precision medicine in diabetes
Akey finding of this consensus report is that trials explicitly designed
to test precision medicine hypotheses are needed, particularly those
thatyield clinically translatable findings. Incorporating trials explicitly
designed to test precision medicine hypotheses in the drug develop-
ment pipeline will be important if treatment recommendations for
these drugs are to be meaningfully optimized. For this to succeed,
engagement with regulatory authorities will be required. These and
other supporting studies should consider whether markers of treat-
ment heterogeneity are part of causal process, or noncause predictors
of such effects. Although noncausal markers may be adequate for the
purpose of prediction, where the marker is the intervention target,
it should lie on the causal pathway. Determining causal mechanisms
will also be important in research focused on understanding biologi-
cal heterogeneity and interactions, which may, for example, include
novel target discovery efforts.

Asmuch ofthe current precision diabetes medicine research has
been conductedin people of Europeanancestry livingin high-income
settings, thereisa pressing need tobroaden the scope toinclude other
ethnic, geographicand cultural groups, particularly those who are most
vulnerable. Correspondingly, thereis also aneed to better understand
theimpact of precision medicine ondisparities, to help ensure gaps are
closed and notinadvertently widened.

Across the pillars of MDM, there is a need to develop improved
differential diagnosis of MDM that can masquerade as either T1D or
T2D. As MDM encompasses several genetic variantsin genes involved
in glucose metabolism, it is important to consider complementary
approaches for clinical translation, including genetic counseling,
cascade testing and open sharing of confirmed mutations in a stand-
ardized global platform. More studies are needed to determine the
efficacy of treatments for specific monogenic forms of diabetes, with
focus on extra-pancreatic effects of MDM.

GDM is heterogeneous in etiology and prognosis, arguing for
more precise prevention, diagnosis and treatment, as well as contin-
ued investigation of prognostic implications in both women and off-
spring throughout the life course. The clinical translation of precision

medicine in GDM will require new studies that test precisioninterven-
tions targeting the physiological processes characterized by these
biomarkers; such studies will also need to demonstrate improved
health outcomesin women and/or their offspring. Dynamic biomarker
assessments in pregnancy and postpartumwill also be required, ideally
with point-of-care testing, since GDM, unlike other types of diabetes,
unfolds and exertsits effects rapidly. Many GDM prevention trials have
intervenedrelatively latein pregnancy and reported variable outcomes
on maternal and offspring health®. Interventions starting in early
pregnancy or preconception may be more impactful; successiniden-
tifying who should be the focus of interventions, the specific nature of
those interventions and when they should occur may be enhanced by
precision prediction models. Because the impact of the intrauterine
environment on the fetus is plausibly mediated by epigenetic modifica-
tions to fetal deoxyribonucleic acid, the characterization of cell-free
fetal deoxyribonucleic acid using maternal plasma’®” may prove useful in
the development of precision GDM medicine. This would also facilitate
identification of fetal carrier status for pregnant women with MDM,
potentially aiding management decisions.

With T1D, there is substantial heterogeneity in age, presence
and type of islet autoantibodies, and genetic risk in those who tran-
sition to clinical (stage 3) disease, impacting diagnosis and pre-
diction. Critical gaps remain in both non-European ancestry and
adult-onset groups. Although improved glycemic control has aided
inthe reduction of proportion and impact of complications of T1D,
evidence suggests that not all groups benefit from tight glycemic
control, in part due to the risks associated with hypoglycemia. For
TID, the most promising areas forimmediate clinicalimplementation
include genetic risk classification, screening for islet autoantibod-
ies (particularly at an early age and, potentially, later in life) and the
ability to detect those at risk of progression, thereby affording the
opportunity to utilize an immune intervention to delay or prevent
progression to stage 3 T1D, recognizing that such therapies must also
be cost-effective. Continued development of pharmacologic agents
and technologies to minimize risk of microvascular and macrovascu-
lar complicationsinthose living with TID remains essential. Further,
the availability of an effective and cost-effective disease-modifying
intervention for early detection and prevention in those at risk,
with use of better therapeutics, and recommendations for control
of microvascular and macrovascular complications is essential in
those living with T1D.

As with many other areas of precision diabetes medicine, much
of the evidence for T2D precision medicine is of weak quality, focus-
ing mainly on populations of European ancestry, and with a dearth of
adequate validation. Papers reporting studies on precision medicine
in T2D that claim translational potential often lack key metrics to
allow benchmarking against current standards of care such as meas-
ures of predictive accuracy and cost-effective analyses. Thereis alsoa
need for prospectively designed precision medicine trails that focus
on validating key hypotheses pertaining to, for example, a stratified
treatment response.

Road map and milestones for global precision
medicine indiabetes

Recommendations, derived from the systematic reviews underpinning
this consensus report and through two in-person consensus meetings,
areshowninTable 1.

Reporting precision medicine research

Barriers to determining the clinical relevance of published research
for precision diabetes medicine are that published reports rarely
provide key details regarding a priori hypotheses, statistical tests for
heterogeneity, number of events observed, statistical power to evalu-
ateinteractions, and more. Often these metrics are unclear, leading to
misinterpretation of results. This has been the case with some of the
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Table 1| Recommendations for future impact in precision diabetes medicine

Domain

Milestones/priorities

Stakeholders

Benchmarking and

Establishing mechanisms of research to identify novel and improved risk markers
to form the basis for future clinical guidelines

Research to translation (researchers, healthcare
providers)

Developing and testing new assays for commonly used analytes with respect to
sensitivity, specificity, the cost for implementation, cost of the assay to patient/
practice

Research to translation (researchers)

Standardization and sharing of laboratory technologies, assays and pipelines
for biomarker assessment and quantification within healthcare systems and in
point-of-care settings

Research to translation (researchers, healthcare
providers)

technology Standard reporting definitions and transparency in computational algorithms Research to translation (researchers)
and artificial intelligence approaches to enhance access, reproducibility and
transparency
Creating systems for routine assessment of heterogeneity in diabetes and Research to translation (researchers, healthcare
revision to the current classification of diabetes across the life course concerning providers)
diagnosis, treatment, prognosis and prevention
Improved estimation of the costs and benefits above current practice to translate Translation to implementation (healthcare providers,
precision medicine into approaches consistent with ‘simple clinical measures’ regulators, policymakers)
A framework optimized to the target population will be necessary for moving Research to translation to implementation (all
precision diabetes research from evidence generation to clinical implementation stakeholders)
Decision-support systems for healthcare practitioners will need to be developed, Translation to implementation (healthcare providers,
) specifically for those making first contact with patients, likely in the setting of regulators, policymakers)
Policy, primary care

implementation
and liabilities

Forging alliances with regulatory and healthcare agencies to facilitate the
coverage of precision medicine tools and decision-support aids, making them
accessible and affordable, ideally with free global access

Translation to implementation (healthcare providers,
regulators, policymakers, patients/relatives)

Learning precision diabetes medicine from the MDM perspective, where rare
forms may be most clinically ready but not yet widely implemented

Translation to implementation (healthcare providers,
regulators, policymakers, the public, patients/relatives)

Equity and
community
engagement

Increase ethnic, geographic and sociodemographic diversity in biomedical
research and healthcare access by addressing language barriers, cultural biases
and geographical constraints

Research to translation (researchers, clinicians, the
public, patients/relatives)

Defining context-specific surveillance programs, systems and strategies to
identify vulnerable and minority groups experiencing the highest burden of
diabetes and related complications

Research to translation to implementation (all
stakeholders)

Evaluation of the impact of precision diabetes medicine approaches should
involve patient advisory groups for impact and utility

Translation to implementation (healthcare providers,
regulators, policymakers, the public, patients/relatives)

National and international societies and advocacy groups should play an
increasing and supportive role in the promotion, educational and research
approaches to increase the implementation of ‘standards of care’ and access to
precision medicine tools

Translation to implementation (healthcare providers,
regulators, policymakers, the public, patients/relatives)

Commercialization

Generate a therapeutical framework optimized to the target populations,
accessible to those in need, cost-effective and safe

Research to translation to implementation (all
stakeholders)

Recognition of the impact of precision diabetes from a ‘patient journey’
perspective, especially the impact of research on people living with diabetes

Translation to implementation (healthcare providers,
regulators, policymakers, patients/relatives)

and access
Establishing open lines of communication, involving community stakeholders in Research to translation to implementation (all
decision-making processes and ensuring data privacy and security are crucial to stakeholders)
building trust and maintaining engagement
Establish programs to ensure that individuals are equipped with the knowledge Translation to implementation (healthcare providers,
and education to understand their personal risk factors, make informed decisions  regulators, policymakers, the public, patients/relatives)
about preventive measures and actively engage in appropriate interventions for
effective diabetes management
Combating digital health illiteracy. Efforts should be made to bridge the digital Translation to implementation (healthcare providers,
Education divide by providing resources, training and infrastructure to underserved regulators, policymakers, the public, patients/relatives)

populations, ensuring access to telemedicine, digital health tools and genetic
testing services

Develop training programs for healthcare providers to equip them with the
knowledge and skills necessary to effectively implement precision diabetes
medicine approaches

Translation to implementation (healthcare providers,
regulators, policymakers)

diabetes subtyping that relies on hard clustering methods, where the
individual-level probabilities of a person having a specific diabetes
subtype are often low, such that treating a person based on their ‘sub-
type’ would often be ineffective. Nevertheless, much of the popular
narrative has focused on using this type of subtyping to transform
individual-level treatment.

Information that should be described in precision medicine
research publications, particularly when citing evidence said to be of
relevance for clinical translation, includes:

(1) Measuresofdiscriminativeorpredictiveaccuracyandcalibration
accuracy (both ideally in independent datasets) of precision
medicine models
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(2) Measures of variance and central tendency
(3) Effect estimates and risk ratios with 95% confidence intervals

(not merely Pvalues)

(4) Theunitsunderlyingeffectestimatesandriskratios (forexample,
mmol/allele or risk/allele)

(5) For unsupervised clustering, classification probabilities (for
example, relative entropy statistic)

The use of machine learning and deep learning is becoming
increasingly popular in precision medicine-facing research. However,
as population-specific features (including prevalence of diabetes,
risk factors and cultural and lifestyle features) areimportantin deter-
mination of diagnosis, treatment and prognosis, these algorithms
need to be tailored to the community being served. In addition, it is
often not possible to determine how outputs from such models were
derived, whichmayincrease therisk of misinterpretation orinadequate
understanding of the potential risks associated with deployment of
algorithmsin clinical practice. Thus, methods tointerpret and validate
results from machine-/deep-learning models are likely needed for the
safe and meaningful translation of precision medicine research into
clinical practice.

Regulatory requirements
The successful deployment of precision medicine may require regula-
tory bodies to adopt new approaches for product approval. This will
entail new guidance about the processes for obtaining approval to
commercialize new therapeutics and diagnostics, including when and
under what circumstances the use of anew drug must be preceded by
and/or accompanied by a diagnostic or screening test. If the health-
caresystemis tosecure the full benefits of precision medicine, it must
provide full and fair reimbursement for new technologies, products
and services, based on market principles to the extent possible.
Diagnostics include clinical decision-support software. In
2022, the FDA provided updated guidance on the regulation of this
type of software®, which distinguishes between nondevice clini-
cal decision-support software and software as a medical device
withmore stringent regulatory requirements. Software as amedical
device is intended to provide high-level clinical decision-support
software, have directimpacts on patient care and typically requires
FDA clearance or approval before it can be marketed. On the other
hand, nondevice clinical decision-support software does not require
clearance; applying the criteria to distinguish between the two can
be challenging. A new risk-predictiontool for CVD in people with T2D
developed using machine learningin alarge electronic health record
dataset could qualify as either software as amedical device or nonde-
vice clinical decision-support software. The tool may guide clinical
decision-making, which would qualify more as a nondevice clinical
decision-support software, but also has the potential to impact
patient care by assisting in making treatment decisions for people
at risk of developing CVD. If a risk score is considered nondevice
clinical decision-support software, it will not require FDA clearance
or approval, making the process of bringing it to market easier and
faster. However, if it is considered software as a medical device, the
regulatory requirements will be more stringent and the development
process will likely be more costly and time consuming. Making a clear
distinction between nondevice clinical decision-support software
and software as a medical device is crucial for precision medicine,
as the development and implementation of biomarkers, risk
scores and other precision tools rely on the interpretation of the
FDA guidance.

Meeting standards of care

Diabetes is a multifaceted disease that is impacted by broad societal
issues and has ramifications beyond the affected individual. Conse-
quently, healthcare systems face significant challenges in providing
effective and equitable care. While precision medicine promises to

provide more personalized care for people at risk of and with diabetes,
itrequires effective implementationin healthcare systems toenhance
disease prevention, management and prognosis. However, healthcare
systemsare currently struggling to provide care following current prac-
tice guidelinesin diabetes. Gapsin adherence to current standards of
care, whichincorporate relatively simplistic personalized approaches,
highlight the need for research to understand strategies for deploy-
ing precision medicine. While this may introduce additional levels of
complexity if poorly managed, precision medicine may reduce com-
plexity by improving or replacing suboptimally functioning processes
and improving cost-effectiveness. Nevertheless, healthcare service
optimization through precision medicine remains an understudied
topic and represents an areain need of investment.

Commercialization versus access

The commercialization of precision medicine through direct-to-
consumer platforms or products for diabetes often involves complex
trade-offs. Companies investing in precision diabetes medicine need
to protect their intellectual property with patents to preventinfringe-
ment. However, this can lead to high costs for recipients, potentially
widening healthcare disparities. In addition, companies must ensure
the financial viability of their products to continue research and devel-
opment, which may lead to pricing barriers that restrict access for
those most in need. To balance commercialization and accessibility,
companies may need to make their products more affordable and acces-
sible through partnerships with healthcare providers, insurers and
government funding. Workflow complexity within the clinical environ-
mentis abarrier tocommercialization; embedding precision medicine
decision-support systems within the electronic medical record system
may improve adoption by clinicians, but there may be additional pro-
prietary considerations such as the electric medical system record
vendorrequiringashare of the profits. Ultimately, achieving abalance
between commercialization and accessibility is crucial, considering
the ethical, social and economic implications of precision diabetes
medicine approaches. The balance point will vary depending on the
sociocultural setting where the product or service is deployed.

Health equity and mitigating disparities

Precision medicine has the potential to improve health equity if the
solutionsit provides are optimized to the target populations, accessible
tothoseinneed, cost-effective and safe. Precision medicine solutions
developedin one population may not transfer adequately to another**.
Moreover, developing such solutions will require high-quality data
for the target populations, asimprecise data are likely to obstruct the
development of precision medicine. Thisis true of many technologies™
and data of relevance to precision medicine. For example, at present,
mostgenetic dataand other omics data used in genome-wide studies of
diabetes come from people of European ancestry living in high-income
countries®, yet the burden of diabetes is growing most quickly in other
regions and ethnicities*.

Although genomic medicineis animportant component of preci-
sionmedicineand isrelatively easy to deploy owingto the robustness of
deoxyribonucleicacid samples and the stability of a person’s germline
genetic variation across the life course”, overreliance on this single
technology may contribute to inequities in health. Thisis because not
alldiabetes subtypes are equally heritable or understood*. This may be
especially problematicin non-Europeanancestry populations, where
genomics researchislessadvanced.

The systematic evidence reviews conducted as part of this report
reinforce the need for increased ethnic, geographic and sociodemo-
graphic diversity in precision medicine research. Nevertheless, there
are major genomic and precision medicine initiatives underway in
some regions of Asia*’, Africa®® and the Middle East that will help off-
set this imbalance. On the other hand, most low- and middle-income
countries currently lack adequately resourced and structured efforts
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to generate such data, despite acompelling rationale to develop preci-
sion medicine solutions for these populations. Thus, a key marker of
the success of precision diabetes medicine will be its accessibility and
cost-effectiveness where it is most needed; given that the burden of
diabetesis growing most rapidly in the global south, the development
and implementation of precision diabetes medicine in these regions
should be prioritized.

Liabilities

Aprecisionmedicine approachfor diabetes should also consider poten-
tial liabilities. Liabilities could relate to both underutilizing recommen-
dations, for example with an omission to assess for MDM in a person
with ahigh-risk score, or potentially restricting access to certain treat-
ments if underpowered subgroup analyses suggest limited utility. As
precision medicine approaches should apply to allindividuals atrisk of,
orliving with, diabetes, the globalimplementation of these approaches
will need to be shown as economically beneficial to the global commu-
nity, atask that could be difficultin countries with historically limited
resources allocated to healthcare. Further consideration of potential
liability remains an area for ongoing evaluation.

Futureresearch priorities

Key future research priorities include (1) meta-analyses of existing
clinical trials using individual-level data to ensure adequate power and
re-analysis of existing trials with attention placed on determining treat-
ment effect heterogeneity, (2) novel clinical trial designs to test a priori
hypotheses regarding treatment heterogeneity, particularly those with
two or more active comparators toinformclinically relevant decisions,
(3) discovery and evaluation of novel genetic and nonstandard biomark-
ersand (4) integration of combinations of clinically accessible features
toenhance prediction of response and selection of optimal therapies.

Summary

Precision diabetes medicine is currently largely aspirational. Never-
theless, it is a potentially highly practical and economically viable
alternative to current practices for diabetes prevention, diagnosis,
treatment and prognostics, encompassing wide-ranging data about
exposures and outcomes. In this second international consensus
report, we summarize findings of 15 systematic reviews and expert
opinions in prioritized areas of precision diabetes medicine. This
effort was wide-reaching and multifaceted, yet of necessity not
entirely comprehensive given the enormity of the diabetes field. The
results show clear progressin theimplementation of precision diabe-
tes medicine, while illuminating many knowledge gaps. This review
highlights theimportance of specific diagnoses, and how etiological
complexity and diagnostic uncertainty must be appropriately dealt
with as part of this process. While precision diagnoses help determine
treatment choices, there remains agreat need for additional biomark-
ers and other signposts to guide precision prevention, therapeutics
and prognostics. The dearth of data from non-European ancestry
populations will need to be addressed to help ensure equity in preci-
sion diabetes medicine.
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