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Abstract

Objective: This study aimed to determine the ability of retrospective cardiometa-
bolic disease staging (CMDS) and social determinants of health (SDoH) to predict
COVID-19 outcomes.

Methods: Individual and neighborhood SDoH and CMDS clinical parameters (BMI,
glucose, blood pressure, high-density lipoprotein, triglycerides), collected up to 3
years prior to a positive COVID-19 test, were extracted from the electronic medical
record. Bayesian logistic regression was used to model CMDS and SDoH to predict
subsequent hospitalization, intensive care unit (ICU) admission, and mortality, and
whether adding SDoH to the CMDS model improved prediction was investigated.
Models were cross validated, and areas under the curve (AUC) were compared.
Results: A total of 2,873 patients were identified (mean age: 58 years [SD 13.2], 59%
were female, 45% were Black). CMDS, insurance status, male sex, and higher glucose
values were associated with increased odds of all outcomes; area-level social vulner-
ability was associated with increased odds of hospitalization (odds ratio: 1.84, 95%
Cl: 1.38-2.45) and ICU admission (odds ratio 1.98, 95% Cl: 1.45-2.85). The AUCs im-
proved when SDoH were added to CMDS (p < 0.001): hospitalization (AUC 0.78 vs.
0.82), ICU admission (AUC 0.77 vs. 0.81), and mortality (AUC 0.77 vs. 0.83).
Conclusions: Retrospective clinical markers of cardiometabolic disease and SDoH

were independently predictive of COVID-19 outcomes in the population.

INTRODUCTION

End-stage manifestations of cardiometabolic disease (CMD), such as
obesity and type 2 diabetes mellitus (T2DM), are associated with
poor outcomes in those diagnosed with COVID-19 (1,2), including
increased mortality rates (3). CMD begins with insulin resistance,
progresses to clinically identifiable high-risk states of metabolic syn-
drome and prediabetes, and culminates in overt T2DM and cardio-
vascular disease. Obesity exacerbates insulin resistance and impels
progression of this chronic disease process. Not surprisingly, met-
abolic syndrome (4) and cardiovascular disease (5) have also been

identified as risk factors for poor COVID-19 outcomes. This suggests
that poor prognosis in patients with COVID-19 may vary based on an
insulin resistance or cardiometabolic continuum, such that patients
who have existing suboptimal metabolic and vascular clinical mark-
ers progress to worse outcomes.

Of concern, CMD, obesity, and T2DM disproportionately impact
racial and ethnic minorities (6) and those with low socioeconomic sta-
tus (SES) (6), with marked geographic variations in prevalence rates
across the United States (7). A recent study of National Health and
Nutrition Examination Survey data from 2011 to 2016 estimated di-
abetes prevalence of 20.4% for non-Hispanic Black adults, 22.1% for
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Hispanic adults, and 19.1% for Asian adults compared with 12.1% for
non-Hispanic White adults (8). Unfavorable neighborhood factors in-
tersect with race and ethnicity in risk, compounding disparities. Black,
Hispanic, and other minority neighborhoods are often characterized
by risk factors such as lack of physical activity resources, poor food
options, lower SES, and barriers to health care access (9), all associated
with higher diabetes and obesity incidence (10,11). Similar disparities
have emerged regarding COVID-19 outcomes, including racial (12),
social (13), and geographic (13) disparities in incidence and mortality.

Population-based strategies that seek to understand health dis-
parities regarding COVID-19 should consider clinical or biological
entities that adversely affect outcomes (i.e., CMD) together with
social determinants of health (SDoH), although combined analyses
of these factors are rarely performed. Electronic medical records
(EMR) of health care systems present an opportunity to integrate
SDoH into risk prediction models and stratify populations based on
clinical and SDoH parameters. Evaluating how SDoH data can be
used in the EMR as a tool for disease prevention is an important step
to inform clinical care that can address disparities (14).

To assess contributions of both SDoH and CMD burden on
COVID-19 outcomes, we used data retrospectively extracted from
the EMR at an academic medical center in the Deep South (i.e.,
Alabama). To quantify CMD burden, we employed a cardiometabolic
disease staging (CMDS) score (15,16). CMDS incorporates presence
and severity of metabolic syndrome traits and reflects severity of in-
sulin resistance; it has been validated to predict risks of diabetes and
cardiovascular disease (15,17), and it features a Bayesian logistical
regression model highly predictive of future diabetes (16). Individual-
and neighborhood-level SDoH as well as CMDS data were extracted
from medical encounters prior to a positive COVID-19 test. We de-
termined the ability of SDoH and CMDS data to predict subsequent
need for hospitalization, intensive care unit (ICU) admission, and
mortality once COVID-19 infection occurred, and we investigated
the degree to which adding SDoH to the clinical CMDS model im-
proved prediction accuracy.

METHODS
Study design

Retrospective longitudinal patient EMR data on cardiometabolic
markers and SDoH were used to predict subsequent COVID-19
outcomes.

Study population and setting

The study population consisted of patients in the University of
Alabama at Birmingham (UAB) Health system, located in Jefferson
County, Alabama. Approximately 40% of the UAB Hospital's com-
munity inpatient discharges per year live in Jefferson County, with
an additional 35% residing in 29 surrounding counties. Patients in

Study Importance

What is already known?

» Manifestations of cardiometabolic disease (CMD), such
as obesity and type 2 diabetes, are associated with poor
outcomes in those diagnosed with COVID-19.

» Poor prognosis in patients with COVID-19 may vary
based on an insulin resistance or cardiometabolic con-
tinuum, such that patients who have existing subopti-
mal metabolic and vascular clinical markers progress to
worse outcomes.

» Understanding health disparities regarding COVID-19
should consider clinical or biological entities that ad-
versely affect outcomes (i.e.,, CMD) together with so-
cial determinants of health (SDoH), although combined

analyses of these factors are rarely performed.

What does this study add?

» CMD severity, assessed up to 3 years in advance of
COVID-19 infection, was highly associated with in-
creased hospitalizations, intensive care unit admission,
and mortality.

» We have also shown, for the first time, that SDoH
(particularly insurance status [none or public] and high
area-level social vulnerability) independently affect
COVID-19 outcomes in addition to CMD burden.

How might these results change the direction of
research or the focus of clinical practice?

» Results suggest that using prior patient data, including
clinical and SDoH, to identify populations at high risk for
severe outcomes has the potential to help guide treat-
ment, intervention, and prevention efforts to improve

health and health equity.

the EMR with a positive COVID-19 polymerase chain reaction (PCR)
test and appropriate clinical follow-up to define COVID-19 outcome
measures were identified. For our analysis, further inclusion crite-
ria were that patients (i) had a previous encounter (within 3 years,
from January 2017 to December 2020) in the EMR in which com-
plete clinical data (blood glucose, BMI, blood pressure, high-density
lipoprotein [HDL] cholesterol, and triglycerides) were available and
(ii) were 235 years of age, owing to CMDS being developed and vali-
dated in older populations. Data were extracted and transformed
through an institutional resource, the COVID-19 Collaborative
Outcomes Research Enterprise (CORE) supported by the UAB
Center for Clinical and Translational Science (NIH award number
UL1TRO03096), to facilitate use of institutional data to examine
population health outcomes. The study was reviewed and approved
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by the institution’s institutional review board; informed consent

from study participants was not required.

COVID-19 outcomes

Primary outcomes of interest were severe COVID-19 outcomes de-
fined as need for hospitalization, ICU admission, or death during hos-
pitalization. Hospitalization was defined as new hospital admission
and positive COVID-19 PCR in the EMR within 14 days of admission.
An ICU stay was defined as ICU admission within initial hospitalization.
Death during hospitalization was defined using discharge disposition
for hospital admission and notification of death record clinical event.

Outcomes were dichotomized (Yes/No) and modeled separately.

Cardiometabolic disease

A primary predictor of interest was CMD using risk factors from
CMDS. CMDS was originally developed as a discrete staging sys-
tem using presence and severity of metabolic syndrome traits (15)
to predict incident diabetes and cardiovascular disease mortality.
Risk factors included in CMDS are BMI, glucose, blood pressure,
HDL cholesterol, and triglycerides. Recent CMDS work (16) showed
associations between continuous clinical parameters and a robust
logistic regression equation for predicting incident diabetes. CMDS
scores were generated using the predicted probability equation de-
veloped using continuous clinical parameters in previous work (algo-
rithm in Table 1 footnote). Scores range from 0.0 to 0.99, with higher
values indicating a higher probability of developing diabetes within
10 years. We also used individual components of CMDS to develop
models to predict severe COVID-19 outcomes. To account for multi-

ple encounters, we used mean clinical values.

SDoH
Individual-level SDoH

Guided by the 2015 Institute of Medicine report (18), we considered
the following individual measures: educational attainment, individual
income, marital status, employment, and insurance status. Educational
attainment, individual income, and employment status had either a
high level of missingness or they were not captured in discrete fields in
the EMR, and thus they not accessible for analysis. Marital status con-
sisted of married, single, or divorced/widowed. Insurance was catego-
rized as no insurance, public insurance, other, and private insurance.

Neighborhood-level social determinants

Patientsinthe EMR are routinely geocoded and linked to 2010 census
tract of residence if address data are available. Neighborhood-level
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data were merged by census tract to describe characteristics of the
location where a patient resided. The neighborhood-level data in-

cluded in this analysis are described in the sections that follow.

Social vulnerability index

The social vulnerability index (SVI) (19) is a composite index devel-
oped using census tract data indicators on 15 social factors, catego-
rized into 4 main themes: socioeconomic, household composition
and disability, minority status and language, and housing and trans-
portation. The index is used to describe social conditions that influ-
ence human suffering and financial hardship (social vulnerabilities)
for disaster planning and it has been linked to poor health outcomes
(20,21). Tracts are assigned a percentile ranking for overall vulnera-
bility. Higher percentile rankings indicate more social vulnerabilities;
measures were categorized as low (0.0 to <0.33), moderate (0.33 to
<0.66), and high vulnerability (20.66) for analysis (19).

Rurality

Rurality was determined using 2010 United States Department of
Agriculture (USDA) Rural-Urban Commuting Area codes and catego-
rized as metropolitan area, micropolitan area (10,000-49,999 popu-

lation), small town (2,500-9,999 population), and rural area.

Health care access

To characterize health care access, we linked census tract with data
from the US Health Resources and Services Administration (HRSA)
Data Warehouse Primary Care Service Area Data (22). Health pro-
fessional shortage areas (HPSAs) indicate areas or populations that
have a shortage of health care providers. Health care access was
determined using census tracts designated as Geographic HPSAs
or Population HPSAs, High-Needs Geographic HPSAs, or HPSA

population.

Covariates

Age at COVID-19 outcome measurement, race (non-Hispanic Black,
non-Hispanic White, and other), and gender were included as covari-

ates in all analyses.

Statistical methods

Descriptive statistics were used to characterize the study popu-
lation, overall and by presence of each COVID-19 outcome.
Characteristics by outcome status were compared using paramet-
ric (t tests and »%) and nonparametric (Wilcoxon, Fisher exact test)



CARDIOMETABOLIC DISEASE, SDOH, AND COVID-19

OBESITY
SOCIETY

w
T
=

(€1) LS (80T (cT)1e (8T1) L (T1) 12 (8'T) LT

(T1'2) 85 (6%)9 (6'T) 8% (T¥) 9T (5'1) 62 (L€)se

(8'£€) 0¥0'T (e'18) 00T (6'7€) £98 (9°69) €LC (5°92) 118 (5'99) 629

50000 (£°'8S)ST9'T (0€1) 9T 1000°0> (6'19) 5€5°T (S+2) 96 1000°0> (60£) 99€T (0'82) 59¢
(002) 6175 (T've) ey (002) 61 (S'¥2) 96 ('£1) se€ (T'£2) 95T

(0'%2) 199 (8'¢2) 8T (8'€2) 065 (e52) 66 (¢Te) LTy (£L2) 29T

S000°0 (095) O¥S‘T (Tey) €s 2500 (€°99) 96€°T (€°09) L6T 1000°0> (5°09) S9T‘T (¢'sv) 8zv
1000°0> 170 99°0 1000°0> 8€°0 G9°0 7000°0> €€°0 65°0
#7000 (T'92) £°8€T (0'%8) 8'8ST 1000°0> (SvL)€LET (£'98) €7ST T000'0> (S'eL) ¥'seT (£18) T'8%T
S000°0 (8°CT) T'61 ('¥T) 0'S¥ 1000°0> (£2T) 867 (8'cT) Eey 1000°0> (S2T) £°0S (0oet) s°sp
1000°0> (89)T°08 (09 TLL 1000°0> (89) €08 (S9)GLL 1000°0> (£9)808 (99)1'8L
950 (cer)ozer (eCT) ¥’ TIeT 890 (TzT)0Cer (SCT) L'TET £00°0 (0CT)9°TET (7'eT) 6'2ET
T000°0> (9ch) eT2T (6'6€) 9°8T 1000°0> (£1¥) 9°8TT (9 TY) ¥'L¥T 1000°0> (cLe)vert (09%) T'EPT
LS0 (e1)Tze (1) 61€ LT°0 (e1)€Ce (LL)8'1e 0€0 (T2)eze (82)0ce
(Sv)seT (ro)e (Gv)zTT (T¥) 9T (ev) 8 (67) 9%

(T°15) SO¥'T (LvY) SS (8'19) 98C'T (Fvy) vLT (L¥S) ¥SO'T (6°2¥) 90%

€10 (r'v¥) 0Tt (8'25) 59 #7100 (L'ev) €80T (S°'18) 20T 1000°0> (0'TY) T6£ (T°2Z8) v6r
(6°6S) L¥9'T (S'T¥) 1S (8'T9) €€S'T (T'zy) 591 (629 €1C'T (€'TS) 68¥%

T000°0> (T'o¥) €0T'T (5'85) 2L T000°0> (¢'8€) 816 (629) LTT 1000°0> (TL8) ¥1L (£'8Y) 19%
1000°0> (0€T) 645 (8'%T) 599 1000°0> (0€T) £'LS (€T v'29 1000°0> (2T 195 (6°€T) 629
anjead  (0S/‘C=U)ON (€2T = u) saA anjead  (18%'c =U)ON (26€ = u) sIA anjead  (£zé'T =U)ON (9176 = u) SIA
AjljeroN Aeys nD| uonezijeyidsoH

(€1)8¢
(T2 v9
(£6€) O¥T'T
(8799) 1€9'T

(9°02) T6S
(0'72) 689
(#°'5S) €65°T

(440

(5°92) 9°6€T

(621) 061

(8'9) 66L
(czr) ozer

(8'ch) SzeT
(L) ee

(S¥) 82T
(8'05) 09¥'T
(L¥¥)S8T'T

(T'65) 869°T
(6°0t) SLT'T

(cer)e8s

ZELYe}

12y10
QUON
d11and
9leAlld

(%) u ‘@dueunsu|
PaMOPIM/Pa2JoAIQ
3[3uls
paluen

(%) u ‘snjels |ejlieln

Hoqs [onpiaipuj
£2402S SOIND ues|n

1p/3w (as)
ueaw ‘sapl1adA|SLL

Tp/3w 4(As)
ueaw ‘|0J4931s9|0yd 1dH

3H
wuw (@s) uesw ‘daa
8H ww (@s) ueaw ‘dgs

Tp/3w (@s)
uesw ‘9s02n|3 ewse|d

,W/8 (as) uesw ‘IINg
SJ9yJew dljogejawolpied
Jayjo/aidniniN
9)YM lueds|H-UoN
>oe|g oluedsiH-UON
(%) u ‘A3d1uy3s pue adey
alewa4
3len
(%) u 43puaD
sJeah {(gs) uesw ‘93y

£/8‘C = u ‘uonyeindod Apn3s ay3 jo sonpsieldeleyD) T 379dVL



~ *Ss920e 91enbape SulAey se paliapisuod
m 9J9M SNJe}S YSdH AU INOYIIM S3DBJ] (SDDIAIS 24ed Alewlid 03 sS922. aJed yijeay Supjde| paJapisuod a4am sniels \YSdH Ym syded) ‘uoneindod ySdH 40 ‘S\YSdH 21ydea30a9) spaaN-YSiH ‘s¥SdH uoniejndod
10 SYYSdH 21ydea3099) se pajeudisap s12e4) SNSUad Suisn paullwial1ap SBM $Sa2d. aaed YieaH ‘siaplroad aled yijeay Jo a3e1ioys e aAey 1ey) suolieindod Jo seale a1ed1pul S\YSAH (2Z) e1ep ealy 92IAIS

P aJeD Alewlid asnoyalep) ele UOIIeIISIUIWLPY S3DIAISS PUE $92UN0S3Y YI[eaH SN dYJ WO BIBP UYIIM JDBI} SNSUSD payul| 9m ‘SS9dde aled yijeay 03 30adsal yum pooyoqysiau sjusijed e aziusjoeleyd of
[ ‘sisAjeue 104 (99°0<) Y31y pue (99 0> 031 ££°0) 21e4apow (££°0> 03 0'0) MO| Se PazII039]1eDd 2I9M SIINSEIW (S3II|IJRIDUINA [BID0S DJ0W d1edIpul Sujuel a[1puadsad
- 13Y3IH "A}l|IgeJSuINA ||eJaA0 J0j Supjuel 3]13usdiad e paulisse aJe $30ed) 9J9YM 10el) SNSUD AQ S|ge|leAe s Xxapul ay] “Suluue|d Ja3sesip 104 (Sa13|IqetauinA |e1d0s) diyspaey |eldueuly pue 3uliajjns uewny
M 22UaN|jul ABw Jey) SUOI}IPUOD [BID0S dY) 9qI4dSAP 0} PAsN S| Xxapul ay] "uoljersodsues) pue uisnoy pue ‘©8endue| pue snjejs Ajldouiw ‘Ajjigesip pue uoijIsodwod pjoyasnoy 21uouod90120S :Saway) ulew

| 01Ul paz110393ed ‘S1012.J |BIDOS GT UO SI01BDIpUl BIEP SNSUSD SUISN UOIJUSAId pUe [0J1U0D) 3Seas! 10) S191ua)) ay) Aq padojaAap Xapul 811so0dwod e (JAS) Xapul AJljigetau|nA |e120s ay3 3uisn nEBamun
Wm ‘GY/‘T = u ‘Ajuo sjuedidiyied yoe|g pue 91YAA 104 paje|ndjed sem 2409s SAIND de|g 104 O pue
%mm 3}UM 104 T s|enbd aoey pue ‘djeusa) 4oy O pue djewl 4oy T sjenba xag :[(x)dxa + 1] / (x)dxa s|enba ‘(x) ; 3180] ‘uoi3duUNY 33 ‘[ENPIAIpUI AUE 104 S3}3qelp JUdpIdUl JedA-QT 4O Alljiqeqoud ay) st (sa3aqelp) ud Yo1ym

Ul ‘(228,970 - X3S,#80°0 - S9PH22AISIL,T00°0 + 1AH.8T0'0 - 9509N|9 p00|d,Z90°0 + d9d.£00°0 + d8S.900°0 + ING.EG00 + 98V, 100 - ¥9¥'8-) 1.1180] = (s913qeIp) 1d Suish paje|ndjed 2103s SAIND,
"y3eay Jo sjueUIWISISP
|e100s ‘HoQs ‘a4nssald poojq 21j03SAs ‘4gs ‘eale a8erioys [euoissajoid yyeay ‘yYSdH ‘utajosdodil Ajsuap-ysiy “JgH ‘24nssaud poojq oljojselp ‘dgq ‘8uiSejs aseasip d1jogeawolp.aed ‘SQIAD :SUuoljelinalqqy

y (o]

=4l 10000> (9°€) 66 (cer st 1000°0> (Te) 6L (6'8) G¢ 1000°0> (6T) 9¢ (¢8)8L (0¥) ¥TT 190ued
Sm oseasip
e 1000°0> (9£€) ¥€0'T (£'99) 28 1000°0> (61€) £98 (s'€9) 67C 1000°0> (s'0€) 885 (8'55) 8¢S (8'8€) 9TT'T Alay1e AJeuolod
% 1000°0> (€'0¢e) v€8 (€'89) ¥8 1000°0> (6£2) €69 (r'L8) stz 1000°0> (£°02) 66€ (675) 61 (0'ze)8T6  aseasip Asupi dluoayd
= aseasip Ateuow|nd
1000°0> (7'vT) G6€ (s'82) € 1000°0> (L€7) 6€€ (¢ee) 16 1000°0> (TT1)€TC (6T2) L12 (0'sT) 0g¥ 9AI12N135G0 d1U0IYD
L0 (9'6) €92 (0'eT) 9T €50 (96) LET (L01) 2k #000°0 (€'8) 09T (9'2T) 61T (L6)6L2 eaude das|s
1000°0> (€'02) 855 (8's€) vv 1000°0> (€61) 087 (TTe) CTT 1000°0> (6'5T) LOE (¢'Te) S6C (0'T2) 209 sajaqelp g adAL
(%) u ‘sanipiqiowo)
(€'T€) 198 (9:9¢) 5¥ (9°0€) 6SL (GL€) LVT (T'£2) €Ts (S'ov) €8¢ (S'T€) 906 VSdH pajeusisag
920 (£'89) 688°T (r'e9) 8L £00°0 (769 ceL'T (5'29) sve 1000°0> (6'2L) ¥OV'T (5'65) €95 (589) £96'T  VSdH pajeusisap JoN
5(%) u ‘ssadde aued yjjeaH
(£'¥€) 556 (c'19) €9 (T'e€) 0z8 (5'05) 86T (0°0€) 845 (S'9¥) v ¥ (7'S€) 810°'T ysiH
o (€'92)€zL (8'22) 82 (€'92) 259 (€'52) 66 (T'52) 8% (€'82) 892 (T'92) 15¢ 9]elapojn
3 90000 (0'6€) TLO'T (0'92) e T000°0> (£'0%) 600°'T (T¥2) 56 T000°0> (6'7¥) 998 (z'se)8ee (7'8€) ¥OT'T Mo
w 4(%) U ‘A1jigesauina
m |e120S |9A3]-ealy
ANH, (T'1)0E (£9) L (0T)5C (Terer (6081 (02 6T (€°1) L€ umoy |lews
m (670) ST (CaAk (8'0) 0T (81)£ (8°0) ST (€T er (60 LT Jeany
m (0'v) 60T (L9) L (s'e) 88 (T1)8c (e eL (L) vy (0v)9tT ueytjodoudiy
% 1000 (0'v6) 985°C (028) LOT 50000 (9'76) 87€‘C (0°88) 5¥7€ €00 (9'76) TT8'T (T'z6) 148 (L'€6) €69'T ueyjodoipo N
o (%) u “Aydiuequn
m Ho@s pooy.ioqysiaN
m anjead  (0S/‘c=U)OoN (e2T = U) SIA anjead  (I8p'C=U)ON  (Z6E =U)SOA anjead  (£zé'T =U)ON (976 = u) SIA | 2E7Ye)
W Anjeron Aeys ND| uonezijejdsoH
m (penupuod) T 374dVL




CARDIOMETABOLIC DISEASE, SDOH, AND COVID-19

1488 H
¢ | WiLEY Obesity [o =i

analysis as appropriate. We used Bayesian logistic regression to test
associations between CMDS score, SDoH, and COVID-19 outcomes.

We then used Bayesian logistic regression to model probability for

each binary COVID-19 outcome using individual CMDS components,
individual-level and neighborhood-level SDoH, controlling for age,
race, and gender. Following Gelman et al. (23), we assigned weakly
informative priors (i.e., Cauchy distributions with center O and scale
2.5) to the coefficients in the logistic regressions, which have the
advantage of providing minimal prior information to constrain co-
efficients in a reasonable range, stabilizing the model fitting and
improving the model prediction performance. We fit the Bayesian
logistic regression models with Cauchy priors by incorporating an
approximate expectation-maximization algorithm into the usual it-
eratively weighted least squares in classical logistic regression. We
first fitted a Bayesian logistic regression model using only CMDS
metabolic syndrome traits, then added individual SDoH (marital sta-
tus, insurance status) and finally neighborhood SDoH (SVI, rurality,
HPSA status). In addition, we ran supplemental models (1) stratified
by age owing to the severity of COVID-19 in older-age adults and (2)
using an insurance variable that parsed out recipients of Medicare
or Medicaid to approximate individual SES in lieu of missing income
and education data in the EMR. Results are reported as odds ratios
(ORs) with 95% Cls.

To evaluate predictive performance of the fitted model, we
used 10-fold cross validation with several measures, including area
under the curve (AUC), mean squared error (average squared differ-
ence between observed and fitted responses), and misclassification
(proportion of wrong predicted). Statistical analysis was performed
using R software (version 4.0.3). The model fitting and predictive
evaluation were implemented using R function bglm and cv.bh in the
BhGLM package (https://github.com/nyiuab/BhGLM).

RESULTS
Descriptive results

A total of 3,989 patients were identified with a positive PCR and
COVID-19 outcome in the institution's EMR and with a previous
medical encounter in which all clinical data (blood glucose, BMI,
blood pressure, HDL cholesterol, and triglycerides) were available
(Figure 1). We excluded 548 patients <35 years of age, leaving an
eligible sample of 3,441 patients. Of these, 568 (16.5%) were miss-
ing one or more SDoH measures, resulting in 2,873 patients with
complete data for analysis. Patients missing SDoH did not markedly
differ by demographic and clinical parameters from those included in
analysis (Supporting Information Table S1). Patients had a mean age
of 58 years (SD 13.2) and were mostly female (59%), 45% were non-
Hispanic Black, and most were married (55.4%) (Table 1). About 33%
had been hospitalized, 13.6% were admitted to the ICU, and 4.2%
died during hospitalization. About 40% had public insurance, and 2%
had no insurance. In terms of neighborhood SDoH, most were from
metropolitan areas (93.7%), 35% were from areas with high social

vulnerability, and 31.5% lived in an HPSA census tract. In bivariate
analysis comparing characteristics based on COVID-19 outcomes,
patients who were hospitalized, admitted to the ICU, or died were
older, were more likely to be male, and had higher CMDS scores.
Significantly more patients with no or public insurance or who lived
in census tracts with high levels of social vulnerability experienced

poor outcomes.

Prediction models

Figure 2 shows OR plots of associations between CMDS score,
individual-level and neighborhood-level SDoH, and COVID-19 out-
comes. Each 1-SD-unit increase in CMDS score was associated with
hospitalization (OR 2.00, 95% Cl: 1.83-2.20), ICU admittance (OR
1.88, 95% Cl: 1.67-2.11), and death (OR 1.69, 95% Cl 1.40-2.04).
Patients with no insurance had higher odds of being hospitalized
(OR 3.35, 95% Cl: 1.88-5.98), ICU admittance (OR 2.99, 95% ClI:
1.53-5.56), and mortality (OR 7.27, 95% Cl: 2.65-19.94) than those
with private insurance. A similar pattern was seen in patients with
public insurance. Patients who lived in census tracts with high social
vulnerability were more likely to be hospitalized (OR 1.57, 95% ClI:
1.21-2.03) or admitted to the ICU (OR 1.66, 95% Cl: 1.21-2.28) than
those who lived in census tracts with low vulnerability.

Figure 3 shows OR plots of associations between metabolic
markers, individual and neighborhood SDoH, and COVID-19 out-
comes. Male sex (OR 1.69, 95% Cl 1.37-2.09), higher levels of glu-
cose (OR 1.79, 95% Cl: 1.62-1.97), no insurance (OR 3.56, 95% Cl:
2.00-6.34), and public insurance (OR 3.81, 95% ClI: 3.00-4.82) were
all associated with hospitalization; similar patterns were observed
with ICU admittance. Higher levels of glucose (OR 1.43, 95% ClI:
1.20-1.70), no insurance (OR 6.33, 95% Cl: 2.25-17.79), and public
insurance (OR 4.92, 95% Cl: 3.70-8.97) were associated with mortal-
ity. Patients who lived in census tracts with high social vulnerability
were more likely to be hospitalized (OR 1.84, 95% Cl: 1.38-2.45) or
admitted to the ICU (OR 1.95, 95% Cl: 1.35-2.82) than those who
lived in census tracts with low vulnerability. Models stratified by
age group (Supporting Information Figure S2 and Table S4) and
those that used an insurance variable that distinguished between
Medicare and Medicaid recipients (Supporting Information Figures
S$3-54 and Table S5) produced similar results.

Predictive performance

Table 2 contains the predictive power, mean square error, and mis-
classification statistics for each model. The model with CMDS param-
eters and hospitalization as the outcome had an AUC of 0.776; adding
both individual and neighborhood SDoH increased the AUC to 0.819
(p < 0.05). Similarly, adding SDoH to CMDS parameters increased
AUCs for both ICU admittance (AUC 0.765 vs. 0.808, p < 0.05) and
mortality (AUC 0.770 vs. 0.827, p < 0.05). Supporting Information
Figure S1 shows the receiver operator characteristic (ROC) curves
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FIGURE 1 Flow of participants extracted from the electronic medical record and selected for analysis. CMDS, cardiometabolic disease

staging; SDoH, social determinants of health

for the models shown in Figure 3. Sensitivity analysis (Supporting
Information Table S2) of the CMDS-only model in those with complete
lab data regardless of presence of SDoH data (n = 3,441) produced
similar AUCs as the model using the analytical sample (n = 2,873).

DISCUSSION

In this study using EMR data from an academic medical institution
in the Deep South during the COVID-19 pandemic, we found that
the CMDS score, assessed up to 3 years in advance of COVID-19
infection, was highly associated with increased hospitalization, ICU
admission, and mortality. We also showed, for the first time, that
SDoH, particularly insurance status (none or public) and high area-
level social vulnerability, independently affect COVID-19 outcomes
in addition to CMD burden.

CMDS quantitatively reflects the burden of CMD as assessed
by the presence and severity of metabolic syndrome traits. Insulin
resistance is central to the pathophysiology of CMD. Our data sup-
port the hypothesis that the inflammation, oxidative stress, and en-
dothelial dysfunction that accompany the insulin-resistant state are
responsible for poor COVID-19 outcomes perhaps by contributing

to hyperimmune responses, tissue injury, and a clotting diathesis
(24). Because obesity can accelerate the progression of CMD and its
end-stage manifestations include diabetes and hypertension, insulin
resistance could constitute a common mechanism explaining the as-
sociations of these diseases with poor COVID-19 outcomes.

We originally considered that SDoH could affect the biology of
COVID-19 infection via adverse effects on the severity of CMD.
In this instance, once the contribution of CMD was accounted
for, SDoH would no longer be found to independently worsen the
course of COVID-19 infection. However, we observed consistent
associations of insurance status (none or public) and high area-level
social vulnerability with severe outcomes independent of metabolic
parameters. Thus, adding individual-level and neighborhood-level
SDoH to COVID-19 outcome models significantly improved predict-
ability beyond the pathobiological contribution of CMD. It is possi-
ble SDoH reflect the embodiment of chronic social related stress via
dysregulation of physiological systems, epigenetic modification, and
immune and inflammation responses (25), although further research
in this area is needed.

Our results using a CMDS score reflecting CMD risk are con-
sistent with robust associations linking diabetes and obesity with
COVID-19 morbidity and mortality (26) and are similar to a study
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FIGURE 2 Odds ratio plots of calculated CMDS score, individual-level SDoH (marital status, insurance status), and neighborhood-level
SDoH (rurality, SVI, HPSA status) in n = 2,745 White and Black participants. The points and lines present the estimated values and 95% Cls,
respectively, and the values at the right side are p values. CMDS calculated using Pr (diabetes) = logit™ (-8.464 - 0.014*Age + 0.053*BMI +
0.006*SBP + 0.003*DBP + 0.062*Blood Glucose - 0.018*HDL + 0.001*Triglycerides - 0.084*Sex - 0.446*Race), in which Pr (diabetes) is
the probability of 10-year incident diabetes for any individual; the function, logit™ (x), equals exp(x) / [1 + exp(x)]; Sex equals 1 for male and
0 for female, and Race equals 1 for White and O for Black. CMDS, cardiometabolic disease staging; HPSA, health professional shortage area;
ICU, intensive care unit; SDoH, social determinants of health; SVI, social vulnerability index

that found a 3-fold increase in mortality and a 4-fold increase in ICU
stays among patients hospitalized with COVID-19 who had meta-
bolic syndrome (27). A recent study employed longitudinal medical
records to predict risk of mortality among patients with COVID-19
(28) using factors deduced with machine learning methods. While a
prior diagnosis of diabetes was associated with a 3-fold increase in
mortality, metabolic correlates associated with diabetes and CMD
(e.g., glucose, HDL) were not investigated; no SDoH were consid-
ered. While few studies have capitalized on the rich longitudinal
medical records accessible via EMR, there is advantage in using
these data to perform predictive analysis particularly in new disease
states for which classical epidemiological cohorts do not exist (29).
While the CMDS score was strongly associated with all outcomes,
the models involving individual metabolic components showed

varying associations. Elevated glucose levels were associated with
severe outcomes, consistent with multiple studies showing strong as-
sociations between diabetes (1,30) and poor glucose control (31,32).
Higher levels of HDL were protective against hospitalization and ICU
stays, similar to previous work (Dierckx et al. medRxiv, doi:10.1101/
2020.11.09.20228221, unpublished data) that investigated whether
blood metabolites predicted COVID-19 severity progression as well
as Zhu et al. (32), who found HDL to be protective (OR 0.64, 95% ClI:
0.50-0.83) from severe symptoms. While the associations found in
our study were not surprising, they further reaffirm the ability of the
CMDS score in predicting poor COVID-19 outcomes. Unique to our
study, we assessed preexisting CMD clinical parameters collected up
to 3 years prior to COVID-19 diagnosis; therefore, these clinical pa-
rameters are not acutely affected by the infection per se.
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FIGURE 3 Odds ratio plots of models using cardiometabolic disease staging components, individual-level and neighborhood-level SDoH
for each outcome, n = 2,873. The points and lines present the estimated values and 95% Cls, respectively, and the values at the right side are
p values. DBP, diastolic blood pressure; HDL, high-density lipoprotein cholesterol; HPSA, health professional shortage area; ICU, intensive
care unit; SBP, systolic blood pressure; SDoH, social determinants of health; SVI, social vulnerability index; TG, triglycerides

Interestingly, our work did not find independent associations be-
tween BMI and severe COVID-19 outcomes, which is inconsistent
with previous reports associating higher BMI with poor outcomes
(33,34). We believe this is explained in part by the fact that obe-
sity worsens insulin resistance and cardiometabolic risk, and once
severity of CMD is considered, obesity loses its significance as an
independent risk factor (24). Previous studies have not examined the
full impact of CMD in studies of obesity and COVID-19 outcomes.
Furthermore, BMI collected in the clinical setting and captured in
the EMR was shown to be subject to measurement and data entry
errors (35), whereas biomarkers such as glucose and lipids are not as
susceptible to such biases. Multiple investigations have shown that
younger adult patients have stronger associations between increased
BMI and poor COVID-19 outcomes (33,36). Our analysis was limited
to individuals aged 235 years with a mean age of 58 years, which
likely produced differing results for BMI. Indeed, when we looked
at bivariate associations in those aged 35 to 59 in our sample versus

those 60 years of age or older (Supporting Information Table S3),
we found higher BMI and poor COVID-19 outcomes among the
younger patients but not the older patients. Lastly, methodological
issues using BMI, such as reverse causation, collider bias, and using
BMI as a proxy for adiposity, may contribute to our findings (37).
While numerous investigations have explored various SDoH
and their association with COVID-19 incidence and outcomes
(38,39), this is the first investigation to use retrospective meta-
bolic parameters and both individual-level and neighborhood-level
SDoH in the EMR to predict subsequent COVID-19 outcomes. We
found striking associations between insurance status (none and
public) and all outcomes, regardless of how we modeled meta-
bolic parameters (e.g., CMDS score or individual components). We
saw a 3- to 4-fold increased risk of hospitalization and ICU stays
among individuals with no or public insurance, with nearly a 6- to
8-fold increase in risk of mortality, even after controlling for met-
abolic markers and other SDoH. This is consistent with previous
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TABLE 2 Predictive power and validation using CMDS metabolic
syndrome traits, individual-level and neighborhood-level SDoH

AUC MSE Misclassification
Hospitalized
CMDS 0.776% 0.176  0.262
CMDS+ individual SDoH ~ 0.815°  0.161  0.238
CMDS+ neighborhood 0.819°¢ 0.159  0.239
and individual SDoH
ICU
CMDS 0.765°  0.106 0.143
CMDS+ individual SDoH  0.803° 0.103  0.144
CMDS+ neighborhood 0.808" 0.099 0.133
and individual SDoH
Death
CMDS 0.770°  0.040 0.044
CMDS+ individual SDoH  0.823°  0.039  0.043
CMDS+ neighborhood 0.827° 0.038 0.044

and individual SDoH

Abbreviations: AUC, area under the curve; CMDS, cardiometabolic
disease staging; MSE, mean square error; SDoH, social determinants of
health.

2b<Groups with the different superscript letters are significantly
different from each other, DeLong's test for 2 correlated ROC curves.

findings showing increases in risk of poor COVID-19 outcomes for
both no and public-based insurance (40,41). Area-level indicators
were linked to COVID-19 (39), and several studies have shown
that higher SVI is associated with higher COVID-19 mortality (42)
and incidence (42,43). We found an almost 2-fold increased risk
of hospital admission and ICU stays among patients who lived in
census tracts with moderate and high social vulnerability, a result
not surprising among our local population. The Deep South is a
geographic and cultural region in the United States that includes
the states of Alabama, Georgia, Louisiana, Mississippi, and South
Carolina. Alabama is at the core of this geographic region, with
a higher prevalence of diabetes than the United States overall
(14.0% vs. 10.8%) and persistent disparity in SES factors such as
education and household income within the state. These socio-
economic and social vulnerability disparities contribute to regional
disparities in diabetes prevalence, with a recent study linking
higher SVI with increased COVID-19 incidence rates in Alabama
(43). Interestingly, in age-stratified models, the addition of SDoH
to the model provided more information (increases in AUC) in the
younger age models (35-59 years of age) than the 60+ models.
While a recent study found that different SDoH were associated
with COVID-19 incidence across different age strata (44), our find-
ings warrant further exploration.

Our study has several limitations. Our data were derived from
an EMR from a local population, which may not be representative of
the entire hospital catchment population or national demographics.
Generalizing results to other populations should be done with caution.
Furthermore, it is possible patients with a positive test were hospital-
ized later in another local health system, introducing bias in outcome

ascertainment. In addition, we had a high rate of missing income and
education in our discrete EMR fields, which we replaced with area-
level data such as SVI to capture SES. Although these measures may
not capture the individual-level effect of SES on outcomes and are
prone to the ecological fallacy, such measures can give health care sys-
tems a “rough” estimate of SES in the absence of complete data. It is
also important to note that insurance status has been used as a proxy
for individual SES in other studies, particularly when using EMR data
in which income data are incomplete or nonexistent (45). Although it
would have been informative to model insurance based on Medicare
versus Medicaid status to infer some degree of income, because of
a lack of Medicaid expansion in Alabama, only 3% of our sample had
Medicaid, leaving a narrow category for analysis. Although we pro-
vide supplementary analyses distinguishing between these 2 types of
insurance, results should be interpreted with caution. Furthermore,
while census tract was provided in the EMR in a discrete field, roughly
15% of patients were missing these data, and accuracy of geocoding
was not available in our data set. Geocoding is not foolproof; the in-
ability to limit our data to accurately matched census tracts may have
introduced some measurement error. Moving forward, ensuring the
accurate and complete capture of SDoH data is imperative to promote

health equity and not inadvertently exacerbate disparities.

CONCLUSION

In summary, we found that cardiometabolic markers collected within
3 years prior to a positive COVID-19 diagnosis among hospitalized
patients were predictive of subsequent poor outcomes. SDoH im-
proved model predictions and independently contributed to poor
outcomes, suggesting effects beyond the pathobiological mecha-
nisms of CMD. Results suggest that using prior patient data, includ-
ing clinical and SDoH, to identify populations at high risk of severe
outcomes has the potential to help guide treatment, intervention,
and prevention efforts to improve health and health equity.O
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