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Abstract

Background.—A recently developed obstetric comorbidity scoring system enables comparisons 

of severe maternal morbidity rates independent of health status at the time of birth hospitalization. 

However, the scoring system has not been evaluated in racial-ethnic and socioeconomic groups or 

used to assess disparities in severe maternal morbidity.

Objective.—To evaluate the performance of applying an obstetric comorbidity scoring system 

across racial-ethnic and socioeconomic groups and to determine the effect of comorbidity score 

risk adjustment on disparities in severe maternal morbidity.

Study Design.—We analyzed a population-based cohort of live births in California during 

2011–2017 with linked birth certificate and birth hospitalization discharge data (n = 3,308,554). 

We updated a previously developed comorbidity scoring system to include ICD-9-CM and 

ICD-10-CM diagnosis codes, and applied the scoring system in subpopulations (groups) defined 

by race-ethnicity, nativity, payment method, and educational attainment. We then calculated risk-

adjusted rates of severe maternal morbidity (including and excluding blood transfusion-only cases) 

in each group and estimated disparities for these outcomes before and after adjustment for the 

comorbidity score using logistic regression.

Results.—The obstetric comorbidity scores performed consistently across groups (C-statistics 

ranged from 0.68–0.76; calibration curves demonstrated overall excellent prediction of absolute 

risk). All non-White groups had significantly elevated rates of severe maternal morbidity before 

and after risk adjustment for comorbidities compared to the White group (1.3% before, 1.3% 

after): American Indian-Alaska Native (2.1% before, 1.8% after), Asian (1.5% before, 1.7% after), 

Black (2.5% before, 2.0% after), Latinx (1.6% before, 1.7% after), Pacific Islander (2.2% before, 
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1.9% after), and Multi-race groups (1.7% before, 1.6% after). Risk adjustment also modestly 

increased disparities for the foreign-born group and non-commercial insurance groups. Increasing 

educational attainment was associated with decreasing severe maternal morbidity rates, which was 

largely unaffected by comorbidity risk adjustment. The pattern of results was the same whether or 

not transfusion-only cases were included as severe maternal morbidity.

Conclusion.—These results support the use of an updated comorbidity scoring system to assess 

disparities in severe maternal morbidity. Disparities in severe maternal morbidity decreased in 

magnitude for some racial-ethnic and socioeconomic groups and increased in magnitude for others 

after adjustment for the comorbidity score.

Condensation:

Robust standardization for comorbidities at delivery revealed insights into racial-ethnic and 

socioeconomic disparities in severe maternal morbidity, using a validated approach.
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Introduction

Severe maternal morbidity is an increasingly common indicator of birth-related 

complications that can be life-threatening and have long-term health effects.1,2 The U.S. 

Centers for Disease Control and Prevention (CDC) led the development of an index 

that provides a consistent method to identify severe maternal morbidity cases in any 

administrative dataset, using diagnosis and procedure codes.1 The index is promising for 

maternal health surveillance, quality improvement, and research;1–3 however, it is difficult to 

compare severe maternal morbidity rates between patient populations because of differences 

in preexisting comorbidities, which strongly affect the risk of severe maternal morbidity 

occurring.4–7 Confounding by comorbidities presents a major challenge in determining the 

role of intrapartum care on severe maternal morbidity and its disparities.

Comorbidity scores are a well-established approach to dealing with case-mix adjustment in 

health studies, and we recently developed and validated an obstetric comorbidity scoring 

system that expanded on prior work.7,8 We used a targeted causal inference approach 

integrated with machine learning to rank 26 comorbidities based on their importance in 

predicting severe maternal morbidity. 8 We then used those results to assign scores to each 

comorbidity, which sum to a single score. The scoring system was validated in California 

all-payer data and in national commercial claims data. The comorbidities include medical 

comorbidities (e.g., chronic hypertension), comorbidities related to the current pregnancy 

(e.g., placenta previa), prior cesarean birth, high body mass index (BMI), and advanced 

maternal age.

Race-ethnicity and socioeconomic factors were purposefully excluded from the development 

of the comorbidity scoring system to prevent embedding these social factors in risk 
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assessment and decision making, and to enable the evaluation of disparities in severe 

maternal morbidity independent of differences in comorbidities – a critical need to gain 

insights into disparities in intrapartum care.8,9 Given that socially marginalized groups, 

especially racial-ethnic minoritized groups, bear the largest burden of severe maternal 

morbidity, and addressing maternal health inequities is a national priority,10–14 it is essential 

to ensure that the validity of the comorbidity scoring system is robust across these important 

disparity subpopulations. Thus, the goals of this study were: (1) to evaluate the performance 

of applying the obstetric comorbidity scoring system across racial-ethnic and socioeconomic 

groups and (2) to determine the effect of risk adjustment for the obstetric comorbidity score 

on disparities in severe maternal morbidity. We additionally aimed to update the comorbidity 

scoring system, including the addition of International Classification of Diseases Clinical 

Modification (ICD-CM) 9th revision diagnosis codes.

Materials and Methods

We conducted a cohort study using California statewide data for live births during 2011–

2017. Birth certificates were previously linked to birth hospitalization discharge data by 

the California Maternal Quality Care Collaborative Data Center, with a successful linkage 

rate of 98.2%. Ethics approval was obtained from the State of California Committee 

for the Protection of Human Subjects and the Stanford University Research Compliance 

Office. We followed the STROBE (Strengthening the Reporting of Observational Studies in 

Epidemiology) and TRIPOD (Transparent Reporting of a Multivariable Prediction Model for 

Individual Prognosis) statements in the reporting of our study.

Severe maternal morbidity was the outcome of interest and defined in two ways. We 

used ICD-CM diagnosis and procedures codes during hospitalization for birth to identify 

indicators of severe maternal morbidity.15 The CDC and others now commonly report severe 

maternal morbidity both including and excluding blood transfusion-only cases;1,15,16 we 

refer to the latter as non-transfusion severe maternal morbidity. Blood transfusion is the only 

indicator of severe maternal morbidity in approximately half of cases, some of which may 

represent less severe complications.17

We initially identified 26 comorbidities following our previously published obstetric 

comorbidity scoring system for predicting severe maternal morbidity using ICD-10-CM 

diagnosis codes.8 The scoring system weights comorbidities based on their relative 

importance in predicting the occurrence of severe maternal morbidity. We then updated 

the scoring system in the original dataset of ICD-10-CM data years (2016–2017) based on 

findings since the original publication (Table 1). In brief, we used an updated set of codes 

for severe maternal morbidity released by the CDC and its partners, added uterine fibroids 

as a potential risk factor,18 restricted bleeding disorders to codes indicated as present on 

admission for birth hospitalization, and revised codes used for bleeding disorders, high 

BMI, gastrointestinal disease, major mental health disorder, neuromuscular disease, and 

placenta accreta spectrum. After conducting these analyses and calculating scores for each 

comorbidity, we converted all diagnosis codes to ICD-9-CM to include data prior to the 

national implementation of ICD-10-CM in this study. We assessed consistency of the codes 

across the ICD-CM transition by calculating the annual prevalence of each comorbidity. 
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Because our dataset for this study included linked birth certificates, we used those data 

to extract gestational age and BMI at delivery. We made recommendations for ICD-CM 

codes if birth certificates are not available in other datasets. Further details are provided in 

Appendix 1. We have also made the comorbidity scoring system publicly available on the 

CMQCC website.19

We focused our analyses on subpopulations defined by race-ethnicity, nativity, 

expected payment method for birth hospitalization, and educational attainment. These 

sociodemographic factors are collected on the birth certificate, and health inequities 

among these subpopulations are well known.13,14,20 Maternal race, ethnicity, place of 

birth, and educational attainment are self-reported during the birth hospitalization. The 

California Office of Statewide Health Planning and Development categorizes free-form 

responses for these variables. Latinx included individuals who reported being of Spanish 

or Hispanic origin. If an individual reported more than one racial group, we categorized 

them as multi-race. The most common multi-race combinations were Black-White (9%), 

White-American Indian/Alaska Native (8%), and White-Asian (8%). Individuals classified 

as “Other-Specified” by the state who were not Latinx were categorized as “other race-

ethnicity.” For payment method, we grouped uncommon payment methods for birth 

hospitalization as “other” (5%), which included self-pay (67%), CHAMPUS/TRICARE 

(21%), medically unattended births (2%), and others not specified (10%). For all analyses, 

we excluded subjects missing the given sociodemographic factor of interest. We did not 

exclude subjects with any missing sociodemographic factor from all analyses to maximize 

sample size as the factors were not included together in any analysis. All analyses 

described below were conducted for severe maternal morbidity both including and excluding 

transfusion-only cases.

We first evaluated performance of the comorbidity scoring system to predict severe maternal 

morbidity overall and across the sociodemographic groups. We assessed discrimination by 

plotting receiver operating characteristic (ROC) curves and precision-recall curves, then 

calculating the respective areas under the curve. Discrimination measures how well a model 

differentiates people at higher risk of having an outcome from people at lower risk. The 

precision-recall curve is informative when an outcome is very rare or very common because 

the area under the ROC curve can appear misleadingly positive about the discrimination 

of the model.21 We further assessed performance of the scoring system by plotting lowess-

smoothed calibration curves. Calibration measures the goodness of fit; that is, the extent to 

which a model correctly estimates the absolute risk of an outcome.22 We also calculated 

the median comorbidity score with an interquartile range for the full population and each 

subpopulation.

After evaluating score performance, we assessed disparities in the rate of severe 

maternal morbidity before and after risk adjustment for the comorbidity score. The 

observed incidence of severe maternal morbidity was calculated overall and within each 

sociodemographic group. In the full study population, we conducted a logistic regression 

model for severe maternal morbidity using comorbidity score as the predictor. We used 

this regression model to predict the expected severe maternal morbidity rate within 

each subpopulation. We then calculated the risk-adjusted rate in each subpopulation as: 
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Subpopulation observed rate
Subpopulation expected rate × Full population rate. Next, we estimated crude relative risks (RR) 

with 95% confidence intervals (CI) for potential disparities by conducting a series of logistic 

regression models with each sociodemographic indicator modeled separately. Odds ratios 

approximated relative risks (RR) because of the rarity of the outcome (<2%). We selected 

the lowest-risk group as the reference group in each model. Lastly, we adjusted each of these 

four regression models for the comorbidity score to estimate risk-adjusted RR with 95% CI. 

The dataset was generated in SAS 9.4 and analyses were conducted in R 3.6.1.

Results

The full study population included 3,308,554 live births, of which 53,296 (1.61%) 

experienced severe maternal morbidity. In the full study population, the largest racial-ethnic 

group was Latinx (48%), most individuals were born in the U.S. (63%), nearly half paid 

for their birth hospitalization with commercial insurance (48%), and the majority (57%) 

had completed education beyond high school (Table 2). Among the sociodemographic 

groups, the median comorbidity score was highest for the Black, American Indian-Alaska 

Native, and multi-race groups. The area under the ROC curve varied between 0.68 and 0.71 

among all groups and the area under the precision-recall curve varied between 0.08 and 

0.12, indicating minimal variation across groups in differentiating lower- and higher-risk 

individuals. Calibration plots overall showed excellent concordance between predicted and 

actual severe maternal morbidity risk across groups. Plots are shown in Figure 1 for each 

racial-ethnic group representing ≥1% of the California birthing population. Histograms of 

the predicted risk distributions are shown beneath each calibration plot. For example, the 

score slightly under predicted risk in higher-risk individuals in the Asian group (actual risk 

was approximately 7% when predicted risk was 5%). The goodness of fit was difficult to 

assess in the very small subpopulations and decreased at very high risk levels. All calibration 

plots are provided with additional detail in Appendix 2.

Racial-ethnic disparities existed in severe maternal morbidity rates, but decreased in 

magnitude for some groups and increased in magnitude for others after adjustment for the 

comorbidity score. Among racial-ethnic groups, observed severe maternal morbidity rates 

were highest in the Black (2.54%), Pacific Islander (2.17%), and American Indian-Alaska 

Native (2.33%) groups and lowest in the White (1.31%) and Asian (1.48%) groups (Figure 

1). Standardization for the comorbidity scores attenuated the severe maternal morbidity rates 

in the Pacific Islander (1.88%), Black (2.00%), and American Indian-Alaska Native (1.82%) 

groups; however, rates in these groups remained the highest, and standardization increased 

the severe maternal morbidity rates in the Asian (1.48% before, 1.65% after) and Latinx 

(1.64% before, 1.69% after) groups.

The observed severe maternal morbidity rate did not differ by nativity status, but the 

foreign-born group had a significantly higher severe maternal morbidity rate than the U.S.-

born group after risk adjustment (aRR: 1.08; 95% CI: 1.06–1.10) (Table 3). Similarly, the 

disparity in severe maternal morbidity for the government-sponsored insurance group was 

higher after risk adjustment (aRR: 1.18; 95% CI: 1.16–1.20, compared with commercial 

insurance). Risk adjustment had a minimal effect on differences in severe maternal 
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morbidity rates by educational attainment. The severe maternal morbidity rate decreased 

with increasing educational attainment both before and after risk adjustment (aRR: 1.29; 

95% CI: 1.26–1.32 for less than high school compared with college degree; aRR: 1.16; 95% 

CI: 1.13–1.19 for high school degree), although no difference remained between women 

with some college and women with college or advanced degrees after risk adjustment.

Results were overall similar for non-transfusion severe maternal morbidity. In the full 

population, 22,712 births (0.69%) experienced non-transfusion severe maternal morbidity. 

The median comorbidity score was highest in the Black group (Table 4). The area under the 

ROC curve and area under the precision-recall curve statistics indicated minimal variation 

across sociodemographic groups and calibration plots showed excellent concordance 

between predicted and actual risk of non-transfusion severe maternal morbidity; plots are 

shown in Appendix 3. As observed when including transfusion-only cases, risk adjustment 

attenuated disparities for all racial-ethnic groups except the Asian and Latinx groups, 

for whom disparities increased. Before and after risk adjustment, the highest rates of 

non-transfusion severe maternal morbidity were in the Black and Pacific Islander groups 

(Appendix 4). As also observed when including transfusion-only cases, a disparity between 

the U.S.-born and foreign-born groups only became evident after risk adjustment, disparities 

by payment method increased, and educational disparities were largely unaffected by risk 

adjustment (Table 5).

Comment

Principal Findings

We found a recently developed obstetric comorbidity scoring system to perform well across 

racial-ethnic and socioeconomic groups in a large, diverse population of live births in 

California during 2011 to 2017. Significant differences in comorbidity scores and severe 

maternal morbidity were observed, particularly among racial-ethnic groups. Racial-ethnic 

disparities existed in severe maternal morbidity rates, but decreased in magnitude for some 

groups and increased in magnitude for others after adjustment for the comorbidity score. 

We believe these findings support the use of the comorbidity scores to assess disparities in 

severe maternal morbidity and improve our understanding of maternal health inequities.

Results in the context of what is known

This study built on prior development and validation of the obstetric comorbidity score 

in unselected obstetric populations.8 Race-ethnicity and socioeconomic factors were not 

included in development of the comorbidity score because of concern that doing so would 

embed these social characteristics in risk assessment and decision making, to the harm of 

socially marginalized individuals.9 We then undertook this study to evaluate the score’s 

validity in racial-ethnic and socioeconomic groups as a way to determine whether the score 

enables comparisons between such groups independent of differences in preexisting health 

conditions. We chose to focus on four sociodemographic factors – race-ethnicity, nativity, 

payment method, and educational attainment – that comprise socially marginalized groups 

and are collected on the birth certificate with overall good validity.23 We also built on our 

previous work by updating the comorbidity scoring system, including the addition of uterine 
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fibroids and expansion to include ICD-9-CM codes, which were used in the U.S. prior to 

2016. The ICD-9-CM expansion enables use of the score in data extending over many years. 

Overall, our study fulfills the important need for a valid method to measure and adjust for 

comorbidities related to severe maternal morbidity across racial-ethnic and socioeconomic 

groups in the U.S.

Non-white individuals experience higher rates of severe maternal morbidity than white 

individuals,13,16,24 which we also found. Prior evidence supports the interpretation that 

racism experienced throughout the life course and across generations has led to racially 

minoritized groups, particularly Black and American Indian-Alaska Native individuals, 

experiencing high rates of chronic conditions, and such conditions increase the risk of 

severe maternal morbidity.8,25–28 The persistence of severe maternal morbidity disparities 

for non-white individuals after comorbidity risk adjustment in this study further suggests 

that factors other than comorbidities, such as lower quality health care and other social 

factors, may contribute to such disparities and deserve further attention.10,25,26

Risk adjustment for comorbidities exacerbated disparities in severe maternal morbidity for 

several marginalized groups, including individuals who were Asian or Latinx, born outside 

the U.S., and who did not use commercial insurance to pay for their birth hospitalization. 

That is, when we accounted for the relatively better underlying health of these groups, 

we found that the severe maternal morbidity disparity increased in magnitude – suggesting 

disparities in obstetric care. In the case of foreign-born individuals, we found that without 

comorbidity adjustment, the disparity was actually unobservable. Foreign-born individuals 

are well-known to have better overall health and neonatal outcomes than U.S.-born 

individuals, which may be attributed to better underlying health.29,30

Similarly, our results suggest that disparities in severe maternal morbidity for individuals 

with Medicaid or similar government-sponsored payment programs may be substantially 

higher, more than 20%, when one accounts for the better underlying health of these 

individuals. A study in New York City reported a lower severe maternal morbidity disparity 

for Medicaid-insured obstetric patients (aOR 1.05 vs aRR 1.17 in this study),31 which 

may differ because of geographic differences and that the comorbidity score used in this 

study partially accounts for the severity of (rather than just the presence of) comorbidities. 

Surprisingly, we also found that comorbidity risk adjustment largely did not affect the 

association between educational attainment and severe maternal morbidity. Educational 

attainment is strongly linked to overall socioeconomic advantage and health outcomes.32 

Our results suggest that the causes of educational disparities may be different than for other 

social disparities in severe maternal morbidity.

Clinical Implications

The study findings support the use of the updated obstetric comorbidity scoring system to 

assessing social disparities in severe maternal morbidity rates independent of comorbidities 

at the time of birth hospitalization. Severe maternal morbidity and its disparities are 

increasingly being used for maternal health surveillance and quality improvement and the 

scoring system and this study’s results are informative for those efforts. We developed 
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this scoring system for the purpose of risk adjustment, and further research is needed to 

determine utility in patient-level assessment and decision-making.

Research Implications

This study aims to enable future studies that examine questions about maternal health 

inequities. In particular, consideration of intersectionality is an important area of 

future maternal health equity research. Intersectionality is a critical analytic framework 

to understand the overlap between race, socioeconomic status, and other social 

characteristics.33,34 Further research is also needed to assess utility in comparing risk-

adjusted severe maternal morbidity disparities between hospitals as coding practices may 

differ.

Strengths and Limitations

This study’s findings should be interpreted in light of its strengths and limitations. The 

dataset used was limited to records from the delivery hospitalization, which could lead to 

misclassification of complications as comorbidities. We attempted to address this concern 

by restricting bleeding disorders and anemia to those present on admission, which we 

encourage researchers to do when possible. Our dataset likely also under-identifies very rare 

obstetric complications, misses details from prenatal and postpartum encounters, and may be 

biased by more intensive diagnostic coding for more complicated births.35–37 The transition 

from ICD-9-CM to ICD-10-CM was problematic for certain diagnoses and procedures, and 

we addressed this limitation as best as possible by assessing comorbidity prevalence changes 

over time, modifying ICD-CM codes to achieve temporal consistency in comorbidity rates, 

and using a validated algorithm to identify placenta accreta spectrum in ICD-9-CM years 

(details in Appendix 2). We also conducted all analyses for severe maternal morbidity 

both including and excluding transfusion-only cases. In addition, the generalizability of 

our findings was not assessed. However, we previously validated the obstetric comorbidity 

scores in national commercial claims data and California is a diverse state that represents 

1 in 8 births in the U.S.8 We did not use national claims data for this study because of 

limited information on race-ethnicity and socioeconomic factors. We used information on 

race-ethnicity and socioeconomic factors collected on birth certificates, which have been 

found to have good validity,38,39 but it is likely some misclassification occurred.

Conclusions

Our findings have significant implications for maternal health practices and policies. 

Substantial attention has been paid to regionalizing obstetric care and achieving appropriate 

acuity of care for patients based on their medical and obstetric comorbidities.40 Additionally, 

recent national efforts have focused on improving the quality of obstetric care for racially 

minoritized groups, particularly Black individuals.26 This study supports the use of the 

comorbidity scores in these efforts, particularly as administrative data are often used for 

process and outcome evaluation.1 Our findings also underscore the importance of addressing 

determinants of health inequities both during and before pregnancy, as preconception health 

and perinatal care strongly affect severe maternal morbidity and mortality.
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Appendix

Appendix 1.

Comorbidities with ICD-CM codes for predicting SMM and non-transfusion SMM in 

administrative data.

Comorbidity ICD-9-CM ICD-10-CM

Anemia, preexistinga 280.0, 280.1, 280.9, 285.9, 280.8, 281, 
282.0, 282.1, 282.3, 282.40, 282.41, 
282.43, 282.44, 282.45, 282.46, 282.47, 
282.49, 282.5, 282.60, 282.61, 282.63, 
282.68, 282.7, 282.8, 282.9, 284, 285, 
648.20, 648.21, 648.22, 628.23

O99.01, O99.02, D50, D55, D56, 
D58, D59, D57.1, D57.20, D57.3, 
D57.40, D57.80

Asthma, acute or moderate-
severe

493 O99.5, J45.21, J45.22, J45.31, 
J45.32, J45.4, J45.5, J45.901, 
J45.902

Bleeding disorder, preexistingc 286.0–286.5, 286.7 287 D66, D67, D68.0-D68.6, D69

BMI (kg/m2) at delivery 40 or 
greaterd

Birth certificate - use code 278.01 if birth 
certificate not available

Birth certificate – use Z68.4, 
E66.01, E66.2 if birth certificate not 
available

Cardiac disease, preexisting 394–397, 402–405, 412–414, 416.2, 
416.8, 416.9, 428.22, 428.23, 428.32, 
428.33, 428.42, 428.43, 745, 746, 648.5, 
648.60648.63, 426, 427.0–427.4, 427.6–
427.9

I05-I09, I11-I13, I15, I16, I20, 
I25, I27.8, I30-I41, I44-I49, I50.22, 
I50.23, I50.32, I50.33, I50.42, 
I50.43, I50.812, I50.813 O99.41, 
O99.42, Q20-Q24

Chronic hypertension 401–405, 642.0–642.2, 642.7 O10, O11, I10

Chronic renal disease 581–583, 585, 587, 588, 753, 250.4 249.4, 
710.0

O26.83, I12, I13, N03-N05, N07, 
N08, N11.1, N11.8, N11.9, N18, 
N25.0, N25.1, N25.81, N25.89, 
N25.9, N26.9

Connective tissue or 
autoimmune disease

710, 714, 279.4 M30-M36

Gastrointestinal diseasee 539, 555–558, 570–579, 564, 646.7 K50-K52, K70-K77, K80-K83, 
K85-K87, K94, K95, O26.6

Gestational diabetes mellitus 648.8 O24.4

HIV or AIDS 042, V08 O98.7, B20

Major mental health disorderf 295–298, 300.0, 300.21, 300.22, 300.3, 
300.4, 301, 309

F06, F20-F25, F28-F34, F39, F40.0, 
F41, F43, F53, F60

Maternal age 35 y or older Birth certificate/Discharge record Birth certificate/Discharge record

Neuromuscular diseaseg 345, 358 G40, G70

Placental abruption 641.2 O45

Placenta accreta spectrumh Use algorithm: no uterine rupture (665.0, 
665.10, 665.11) PLUS (placenta previa 
(641.0, 641.1) or retained placenta (666.0, 
667.x)) PLUS hysterectomy (PR 68.3–
68.9)

O43.213, O43.223, O43.233

Placenta previa, complete or 
partial

641.01, 641.11 O44.03, O44.13, O44.23, O44.33

Preeclampsia with severe 
features

642.5 O14.1, O14.2, O11
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Comorbidity ICD-9-CM ICD-10-CM

Preeclampsia without severe 
features or gestational 
hypertension

642.3, 642.4, 642.7 O13, O14.0, O14.9

Preexisting diabetes mellitus 250, 648.0 E08-E13, O24.0, O24.1, O24.3, 
O24.8, O24.9, Z79.4

Preterm birth (less than 37 wk) Birth certificate (644.21 if not available) Z3A.20-Z3A.36

Previous cesarean birth 654.2 O34.21

Pulmonary hypertension 416.0, 416.8, 416.9 I27.0, I27.2

Substance use disorder 291, 303, 304, 305, 648.30, 648.31, 
648.32, 648.33

F10-F19, O99.31, O99.32

Thyrotoxicosis 242 E05

Twin or multiple pregnancy 651, V27.2-V27.7 O30, O31, Z37.2-Z37.7

Uterine fibroidsb 218, 654.1 D25, O34.1

All parent codes subsume child codes (e.g., 493 means 493.xx)
a
Revised from Leonard et al.8 to restrict to present on admission codes

b
Revised to include these two comorbidities, which were statistically significant in variable importance analyses for SMM.

c
Revised to exclude D68.8, D68.9 (could indicate DIC, an SMM indicator) and to restrict to present on admission codes.

d
Revised to include E66.01, E66.2 (severe obesity)

e
Revised to exclude O99.6, K00-K46, K55-K68, K80-K84, K90-K92 (found to be capturing non-relevant gastrointestinal 

diseases)
f
Revised to exclude O99.34 and include F06, F40.0, F41, F43, F53, F60 (revised codes to follow Veteran’s Administration 

recommendations for ICD-9-CM and ICD-10-CM coding of psychotic disorders, mood disorders, personality disorders, 
post-traumatic stress disorder, adjustment reactions, generalized anxiety, and panic disorders.41 Generalized anxiety and 
panic disorders conferred similar risk of the outcomes as the other disorders.)
g
Revised to exclude O99.35

h
Codes are PAS are not available in ICD-9-CM. Therefore, the ICD-9-CM algorithm follows the approach developed by 

Creanga et al.42 to identify PAS using ICD-9-CM. We found the PAS rate to be approximately 2 per 10,000 with that 
approach, and 11 per 10,000 with the ICD-10-CM approach in their respective time groups. Also revised from Leonard et 
al.8 to include only PAS if indicated in the third trimester
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Appendix 2. Calibration plots for severe maternal morbidity comorbidity scores by 
subpopulation as indicator of goodness of fit.
Calibration plots show how well the score predicts the absolute risk of the outcome. Data 

presented are log-transformed and histograms are shown beneath each calibration plot for 

distributions of predicted risk. Calibration is excellent in nearly all groups, with the notable 

exception of when sample size becomes very small (i.e., American Indian-Alaska Native, 

other race-ethnicity, other payment method, and at very high risk levels).
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Appendix 3. Calibration plots for non-transfusion severe maternal morbidity comorbidity scores 
by subpopulation as indicator of goodness of fit.
Calibration plots show how well the score predicts the absolute risk of the outcome. Data 

presented are log-transformed and histograms are shown beneath each calibration plot for 

distributions of predicted risk. Calibration is excellent in nearly all groups, with the notable 

exception of when sample size becomes very small (i.e., American Indian-Alaska Native, 

other race-ethnicity, other payment method, and at very high risk levels).
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Appendix 4. 
Non-transfusion severe maternal morbidity incidence before (blue) and after (yellow) 

standardization for the obstetric comorbidity score among racial-ethnic and socioeconomic 

subpopulations, California live births, 2011–2017.
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AJOG at a Glance:

Why was the study conducted?

• To evaluate the performance of applying an updated obstetric comorbidity 

scoring system across racial-ethnic and socioeconomic groups

• To determine the effect of risk adjustment for the comorbidity score on 

disparities in severe maternal morbidity.

What are the key findings?

• Obstetric comorbidity scores performed well across racial-ethnic and 

socioeconomic groups.

• Disparities in severe maternal morbidity decreased in magnitude for some 

racial-ethnic and socioeconomic groups and increased in magnitude for others 

after adjustment for the comorbidity score.

What does the study add to what is already known?

• This study updated an obstetric comorbidity scoring system, assessed its 

performance across socially marginalized groups, and provides new evidence 

on disparities in severe maternal morbidity independent of differences in 

health at the time of birth hospitalization.
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Figure 1. 
Calibration plots for assessment of how well the comorbidity score predicts the absolute risk 

of severe maternal morbidity across racial-ethnic groups. A: Asian; B: Black; C: Latinx; D: 

Pacific Islander; E: White; F: Multi-race. Data have been log-transformed and histograms 

show distributions of predicted risk.
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Figure 2. 
Severe maternal morbidity incidence before (blue) and after (yellow) standardization for 

the obstetric comorbidity score among racial-ethnic and socioeconomic subpopulations, 

California live births, 2011–2017.
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Table 1.

Comorbidities included in the scoring system with revised weighted scores for severe maternal morbidity and 

nontransfusion severe maternal morbidity.

Comorbidity Score for SMM Score for non-transfusion SMM

Placenta accreta spectrum 27 43

Pulmonary hypertension 20 33

Chronic renal disease 17 30

Cardiac disease, preexisting 14 25

HIV/AIDS 13 13

Preeclampsia with severe features 12 18

Placental abruption 9 13

Bleeding disorder, preexisting 9 11

Anemia, preexisting 9 6

Twin/multiple pregnancy 9 5

Preterm birth (< 37 weeks) 8 13

Placenta previa, complete or partial 8 3

Neuromuscular disease 6 13

Asthma, acute or moderate/severe 5 12

Preeclampsia without severe features or gestational hypertension 5 7

Connective tissue or autoimmune disease 4 8

Uterine fibroids 4 7

Substance use disorder 4 4

Gastrointestinal disease 3 7

Chronic hypertension 3 6

Major mental health disorder 3 4

Preexisting diabetes mellitus 2 6

Thyrotoxicosis 2 2

Previous cesarean birth 2 0

Gestational diabetes mellitus 1 1

Delivery BMI ≥ 40 1 0

Maternal age ≥ 35 years 0 1
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Table 2.

Discrimination of comorbidity scoring systems for severe maternal morbidity in California birth data, 2011–

2017 (N = 3,308,554)

N (column %) Mean SMM comorbidity score 
(SD)

Area under ROC 
curve

Area under PR 
curve

All 3,308,554 (100) 2.6 (5.0) 0.69 0.10

Race-Ethnicity (n = 3,225,224)

 American Indian-Alaska Native 10,920 (<1) 3.6 (5.8) 0.71 0.12

 Asian 386,864 (12) 2.1 (4.4) 0.68 0.09

 Black 164,943 (5) 4.0 (6.3) 0.71 0.12

 Latinx 1,545,628 (48) 2.5 (4.8) 0.68 0.10

 Pacific Islander 97,288 (3) 3.4 (5.8) 0.68 0.11

 White 888,017 (28) 2.7 (5.0) 0.69 0.08

 Multi-race 127,540 (4) 3.3 (5.5) 0.70 0.09

 Other 4,024 (<1) 2.6 (5.0) 0.68 0.12

Nativity (n = 3,308,355)

 Born in U.S. 2,074,588 (63) 2.9 (5.2) 0.69 0.09

 Not born in U.S. 1,233,767 (37) 2.4 (4.7) 0.69 0.11

Payment method (n = 3,304,448)

 Commercial insurance 1,588,867 (48) 2.8 (5.1) 0.69 0.09

 Government programs 1,560,790 (47) 2.6 (5.0) 0.69 0.11

 Other 154,791 (5) 2.1 (4.3) 0.70 0.10

Educational Attainment (n = 3,165,563)

 Less than high school graduate 567,248 (18) 2.6 (4.9) 0.69 0.10

 High school graduate or equivalent 808,836 (26) 2.6 (5.0) 0.69 0.10

 Some college 845,156 (27) 2.8 (5.2) 0.69 0.09

 College graduate or higher 944,323 (30) 2.5 (4.9) 0.69 0.08

SMM, severe maternal morbidity; IQR, interquartile range; ROC, receiver operating characteristic
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Table 3.

Disparities in severe maternal morbidity rates before and after adjustment for comorbidity score, California 

birth data, 2011–2017

Subpopulations Crude RR (95% CI) Adjusted RR (95% CI)

Race-Ethnicity (n = 3,225,224)*

 American Indian-Alaska Native 1.64 (1.44, 1.87) 1.42 (1.24, 1.63)

 Asian 1.13 (1.10, 1.17) 1.27 (1.23, 1.31)

 Black 1.97 (1.90, 2.04) 1.58 (1.52, 1.64)

 Latinx 1.25 (1.23, 1.28) 1.31 (1.28, 1.34)

 Pacific Islander 1.67 (1.60, 1.75) 1.47 (1.40, 1.54)

 White Reference Reference

 Multi-race 1.33 (1.27, 1.39) 1.21 (1.15, 1.26)

 Other 1.04 (0.80, 1.36) 1.04 (0.79, 1.37)

Nativity (n = 3,308,355)*

 Born in U.S. Reference Reference

 Not born in U.S. 0.99 (0.97, 1.01) 1.08 (1.06, 1.10)

Payment method (n = 3,304,448)*

 Commercial insurance Reference Reference

 Government programs 1.13 (1.11, 1.15) 1.17 (1.15, 1.19)

 Other 0.86 (0.82, 0.90) 0.99 (0.95, 1.04)

Educational Attainment (n = 3,165,563)*

 Less than high school graduate 1.28 (1.25, 1.31) 1.28 (1.25, 1.32)

 High school graduate or equivalent 1.16 (1.14, 1.19) 1.15 (1.12, 1.18)

 Some college 1.06 (1.04, 1.09) 1.01 (0.98, 1.03)

 College graduate or higher Reference Reference

SMM, severe maternal morbidity; RR, relative risk; CI, confidence interval

*
Sample sizes differ because of each the four stratified models excluded only individuals missing that sociodemographic factor of interest.
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Table 4.

Discrimination of comorbidity scoring systems for non-transfusion severe maternal morbidity in California 

birth data, 2011–2017 (N = 3,308,554)

N (column %) Mean SMM comorbidity score 
(SD)

Area under ROC 
curve

Area under PR 
curve

All 3,308,554 (100) 4.1 (8.1) 0.74 0.10

Race-Ethnicity (n = 3,225,224)

 American Indian-Alaska Native 10,920 (<1) 4.9 (9.0) 0.78 0.15

 Asian 386,864 (12) 3.1 (6.7) 0.73 0.09

 Black 164,943 (5) 5.8 (9.8) 0.73 0.11

 Latinx 1,545,628 (48) 3.5 (7.5) 0.74 0.12

 Pacific Islander 97,288 (3) 5.3 (9.3) 0.74 0.12

 White 888,017 (28) 3.9 (7.7) 0.72 0.08

 Multi-race 127,540 (4) 4.8 (8.7) 0.75 0.09

 Other 4,024 (<1) 3.7 (7.7) 0.76 0.09

Nativity (n = 3,308,355)

 Born in U.S. 2,074,588 (63) 4.1 (8.1) 0.73 0.10

 Not born in U.S. 1,233,767 (37) 3.4 (7.2) 0.74 0.12

Payment method (n = 3,304,448)

 Commercial insurance 1,588,867 (48) 4.2 (8.0) 0.72 0.08

 Government programs 1,560,790 (47) 3.6 (7.7) 0.75 0.13

 Other 154,791 (5) 2.7 (6.4) 0.76 0.12

Educational Attainment (n = 3,165,563)

 Less than high school graduate 567,248 (18) 3.6 (7.5) 0.74 0.15

 High school graduate or equivalent 808,836 (26) 3.6 (7.7) 0.74 0.11

 Some college 845,156 (27) 4.1 (8.1) 0.74 0.09

 College graduate or higher 944,323 (30) 3.8 (8.8) 0.72 0.08

SMM, severe maternal morbidity; IQR, interquartile range; ROC, receiver operating characteristic
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Table 5.

Disparities in non-transfusion severe maternal morbidity rates before and after adjustment for comorbidity 

score, California birth data, 2011–2017

Subpopulations Crude RR (95% CI) Adjusted RR (95% CI)

Race-Ethnicity (n = 3,225,224)*

 American Indian-Alaska Native 1.28 (1.03, 1.60) 1.00 (0.80, 1.26)

 Asian 1.09 (1.03, 1.14) 1.25 (1.19, 1.31)

 Black 1.95 (1.84, 2.06) 1.41 (1.34, 1.50)

 Latinx 1.14 (1.10, 1.18) 1.17 (1.14, 1.22)

 Pacific Islander 1.68 (1.56, 1.80) 1.31 (1.22, 1.41)

 White Reference Reference

 Multi-race 1.28 (1.19, 1.37) 1.08 (1.00, 1.16)

 Other 1.19 (0.82, 1.72) 1.16 (0.79, 1.71)

Nativity (n = 3,308,355)*

 Born in U.S. Reference Reference

 Not born in U.S. 1.03 (1.00, 1.06) 1.18 (1.15, 1.21)

Payment method (n = 3,304,448)*

 Commercial insurance Reference Reference

 Government programs 1.03 (1.00, 1.05) 1.06 (1.03, 1.09)

 Other 0.74 (0.69, 0.79) 0.91 (0.85, 0.99)

Educational Attainment* (n = 3,165,563)

 Less than high school graduate 1.16 (1.12, 1.21) 1.16 (1.11, 1.21)

 High school graduate or equivalent 1.05 (1.01, 1.09) 1.02 (0.98, 1.05)

 Some college 1.02 (0.98, 1.05) 0.92 (0.89, 0.96)

 College graduate or higher Reference Reference

SMM, severe maternal morbidity; RR, relative risk; CI, confidence interval

*
Sample sizes differ because of each the four stratified models excluded only individuals missing that sociodemographic factor of interest.
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