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Purpose: Risk factors for congenital upper limb differences (CoULDs) are often studied at the general
population level. The CoULD registry provides a unique opportunity to study prenatal risk factors within
a large patient sample.
Methods: All patients enrolled between June 2014 and March 2020 in the prospective CoULD registry, a
national multicenter database of patients diagnosed with a CoULD, were included in the analysis. We
analyzed self-reported, prenatal risk factors, including maternal smoking, alcohol use, recreational drug
use, prescription drug use, gestational diabetes mellitus (GDM), and gestational hypertension. The
outcome measures included comorbid medical conditions, proximal involvement of limb difference,
bilateral involvement, and additional orthopedic conditions. Multivariable logistic regression was used to
analyze the effect of the risk factors, controlling for sex and the presence of a named syndrome.
Results: In total, 2,410 patients were analyzed, of whom 72% (1,734) did not have a self-reported risk factor.
Among the 29% (676) who did have at least 1 risk factor, prenatal maternal prescription drug usewas themost
frequent (376/2,410;16%).Maternalprescriptiondrugusewasassociatedwith increasedoddsofpatientmedical
comorbidities (odds ratio [OR]¼ 1.43,P¼ .02).Gestationaldiabetesmellituswasassociatedwith increasedodds
of comorbidmedical conditions (OR¼ 1.58, P¼ .04), additional orthopedic conditions (OR¼ 1.51, P¼ .04), and
proximal involvement (OR¼ 1.52,P¼ .04). Overall, reporting1ormore risk factors increased theoddsof patient
comorbid medical conditions (OR¼ 1.42, P < .001) and additional orthopedic conditions (OR¼ 1.25, P¼ .03).
Conclusions: Most caregivers (72%) did not report a risk factor during enrollment. However, reporting a
risk factor was associated with patient medical and orthopedic comorbidities. Of note, GDM alone
significantly increased the odds of both these outcome measures along with proximal limb differences.
These findings highlight the ill-defined etiology of CoULDs but suggest that prenatal risk factors, espe-
cially GDM, are associated with a higher degree of morbidity.
Type of study/level of evidence: Prognostic III.

Copyright © 2022, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Establishing the epidemiologic profile of congenital upper ex-
tremity differences is important for health resource planning and
alerting the scientific community about new potential teratogens.1

The exact source of many congenital limb differences is unclear and

Declaration of interests: No benefits in any form have been received or will be
received by the authors related directly or indirectly to the subject of this article.

Corresponding author: Andrea S. Bauer, MD, Boston Children’s Hospital, 300
Longwood Avenue, Hunnewell 2, Boston, MA 02115.

E-mail address: andrea.bauer@childrens.harvard.edu (A.S. Bauer).

Contents lists available at ScienceDirect

Journal of Hand Surgery Global Online

journal homepage: www.JHSGO.org

https://doi.org/10.1016/j.jhsg.2022.03.001
2589-5141/Copyright © 2022, THE AUTHORS. Published by Elsevier Inc. on behalf of The American Society for Surgery of the Hand. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Journal of Hand Surgery Global Online 4 (2022) 147e152

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:andrea.bauer@childrens.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhsg.2022.03.001&domain=pdf
www.sciencedirect.com/science/journal/25895141
http://www.JHSGO.org
https://doi.org/10.1016/j.jhsg.2022.03.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jhsg.2022.03.001
https://doi.org/10.1016/j.jhsg.2022.03.001


likely multifactorial, with a minority of non-Mendelian cases
associated with discrete exposures, although there are certain te-
ratogens, such as thalidomide and misoprostol, that are well-
known to cause serious limb anomalies.2e7

Many prior studies have sought to connect certain exposures
with an increased risk of limb differences. A systematic review of
literature published between 1959 and 2010 indicated that
maternal smoking is a risk factor for musculoskeletal anomalies,
including congenital limb differences.8 Maternal environmental
exposure to heavy metals, endocrine disruptors, and the maternal
use of pharmaceutical drugs, such as certain epilepsy medications,
have also been established as suspected limb teratogens.9,10 Animal
and observational studies have shown that vasoactive recreational
drugs, eg, cocaine, are associated with an increased risk of a variety
of congenital anomalies, including limb differences.11,12 Although
definitively associated with other congenital malformations and
neonatal disease, the association of maternal alcohol use with
congenital limb differences is more equivocal.13,14

The health of the mother during pregnancy may also be asso-
ciated with congenital malformations. Pre-existing maternal dia-
betes mellitus is a known risk factor for congenital limb differences
related to caudal regression and other major birth anomalies, and
glycemic control has been shown to reduce teratogenic impact.15e17

On the other hand, the extent of teratogenicity due to gestational
diabetes mellitus (GDM) is debated in the literature, with several
studies finding that GDM does not increase the risk of limb differ-
ences.15,18,19 The data on the effects of various hypertensive states
(eg, eclampsia) on the risk of congenital limb differences have also
been mixed.20e22

The body of research on congenital limb differences described
above has evaluated risk factors as they pertain to the general
population. In contrast, the present study was designed to evaluate
how potential risk factors manifest in a subpopulation of patients
with an upper limb difference. Specifically, our goal was to under-
stand how self-reported risk factors are distributedwithin a sample
of patients from a national multicenter registry of congenital upper
limb differences (CoULDs). In addition, we aimed to analyze the
potential associations between the presence of self-reported
maternal risk factors and patient outcomes, including associated
conditions and the severity of limb differences. The study hypoth-
esis was that most subjects with CoULDs would not present with
any self-reported maternal risk factors.

Materials and Methods

Design and data source

This cross-sectional, observational study used patient informa-
tion collected by the CoULD registry, an ongoing multicenter, pro-
spective, cohort registry involving 9 pediatric tertiary care centers
across the United States.23 The database contains information
regarding the epidemiology, clinical characteristics, function, and
health status of children with CoULDs. Patients under 18 years of
age are eligible to enroll in the CoULD registry if a diagnosis of a
congenital upper extremity difference has been established and no
surgical treatment has been previously performed. Demographic
information, including prenatal history, as well as clinical and
radiographic data are collected at initial enrollment. Patient di-
agnoses are categorized according to the Oberg-Manske-Tonkin
(OMT) classification system.24 Although the OMT system is a
continuously updated classification system, the current CoULD
registry uses the version of the OMT system that was adopted by
the International Federation of Societies for Surgery of the Hand in
2014. Subjects who do not consent to prospective data collection or
those who do not speak English can optionally consent to the 1-

time data collection of OMT diagnosis and basic demographic in-
formation that excludes prenatal history. The study data are
collected and managed using the Research Electronic Data Capture
tool.25 The parents of the children are asked whether they consent
to study participation, and the child assents when appropriate.
Institutional review board approval was obtained for the CoULD
registry protocol at each participating institution, and additional
approval was obtained for the current study. The CoULD registry is
supported by institutional funds at each participating center; no
outside funding was received for the registry or for this
investigation.

Study participants

Between June 2014 and March 2020, 3,134 patients were
enrolled in the CoULD registry. Of them, 344 were excluded from

Figure. Consolidated Standards of Reporting Trials diagram outlining the creation of
the study cohort.
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this study because they did not opt for the longitudinal arm of the
study. The CoULD registry only collected basic demographic infor-
mation from these patients. There were 2,790 patients with
recorded data on risk factors; however, only patients with malfor-
mations, determined based on the OMT classification system (as
opposed to deformations and dysplasias), were included in the
analysis, leaving 2,410 patients (Fig.). The median age was 1.4 years
(interquartile range, 0.4e5.6 years) at the time of enrollment. There
were 1,319 (55%) boys, and the patients were predominantly White
(75%) and non-Hispanic (87%). In addition to the upper limb dif-
ference, 27% of the patients presented with an additional ortho-
pedic condition. There were concomitant medical conditions in 31%
of the patients. Additional demographic information can be found
in Table 1.

Study outcomes

Prenatal information, including self-reported maternal risk
factors, was collected at enrollment for all patients who consented
in the longitudinal arm of the CoULD registry. These risk factors
included maternal smoking, prescription drug use, recreational
drug use, alcohol use, GDM, gestational hypertension, and other
maternal medical conditions during pregnancy. “Other maternal
medical conditions” defines a broad category of maternal diseases
that complicate pregnancy, regardless of gestational timing, and
hence, were not analyzed as a part of the current study. The positive
reporting of a risk factorwas used to determine the distribution and
prevalence of risk factors within the CoULD registry.

All the risk factors recorded in the CoULD registry were self-
reported to study staff by guardians of the patients when they
joined the study. Any named syndromes as well as additional or-
thopedic andmedical conditions were self-reported by the patients
and their family at the time of enrollment. This information was
verified and updated via an annual review of the patients’ elec-
tronic medical records. In addition, the study participants were
asked to specify which, if any, prescription drugs, recreational
drugs, or other risk factors were present during pregnancy. Pre-
scription drugs were categorized according to the World Health
Organization’s Anatomical Therapeutic Chemical Classification
system.26 The drug use frequency data are provided in Appendix 1
(available on the Journal’swebsite at www.jhsgo.org). The maternal
medical conditions during pregnancy were categorized based on
the standards of the 10th revision of the International Statistical

Classification of Diseases and Related Health Problems.27 Only
maternal GDM and maternal gestational hypertension were
analyzed further.

Using other data collected from the registry at the time of
enrollment, we selected outcomemeasures that were related to the
severity of presentation at the time of enrollment. Specifically, we
compared subjects with additional orthopedic conditions, 1 or
more organ systems affected by medical comorbidities, bilateral
involvement, or proximal involvement with those who presented
without these conditions. Orthopedic conditions were defined as
musculoskeletal conditions present in the spine, hip, and lower
extremities, including foot conditions. Medical comorbidities were
defined as nonorthopedic pathologies in the cardiovascular,
gastrointestinal, neurologic, respiratory, renal, hematologic, and
genitourinary systems as well as other conditions that were not
grouped in these systems. We excluded allergic conditions, such as
eczema, allergic rhinitis, and food allergies, because these were
considered “mild” for the analysis. Proximal involvement was
defined as any diagnosis based on the OMT classification system
specified in “Malformation: Failure of Axis Formation/Differ-
entiationdEntire Upper Limb.”24 Demographic characteristics (sex,
race, and ethnicity) and family history were covariates in the
analysis. The presence of a named syndrome or associationwas also
considered a covariate and controlled for in the analysis.

Statistical methods

The demographic and risk factor summary statistics were
summarized for the cohort. Continuous variables were summarized
using median and interquartile range, and categorical variables
were summarized using frequency and percentage. The multivari-
able logistic regression analysis was used to determine whether
there was an association between each prenatal risk factor and the
likelihood of each outcome, with controlling for sex and the pres-
ence of syndromes. The reported P values for these models were
adjusted based on the Benjamini-Hochberg false discovery rate
method. Odds ratios (ORs) with 95% confidence intervals (CIs) were
estimated for significant factors. Presented P values less than .05
were considered statistically significant.

Results

Twenty-eight percent (676/2,410) of the patients had at least 1
recorded prenatal risk factor, with prenatal prescription drug use
being most frequent (376/2,410; 16%), followed by prenatal gesta-
tional hypertension (167/2,410; 7%) (Table 1). Having a recorded
“prenatal risk factor” refers to a study participant reporting 1 or
more of the 6 potential risk factors described above: maternal
smoking, prescription drug use, recreational drug use, alcohol use,
GDM, and gestational hypertension.

Medical comorbidities

Thirty-one percent of the subjects (746/2,381) had at least 1
medical comorbidity affecting 1 or more organ systems (Table 2).
The multivariable analysis showed that a patient whose mother
used prescription drugs had 1.4-times higher odds (OR ¼ 1.43; 95%
CI ¼ 1.11e1.84; P ¼ .02) of having a medical comorbidity compared
with a patient whose mother did not use prescription drugs
(Table 2). Reported GDM increased the odds (OR ¼ 1.58; 95% CI ¼
1.10e2.26; P ¼ .04) of a patient having a medical comorbidity by
58% compared with no reported GDM (Table 2). The multivariable
analysis showed that a patient with at least 1 prenatal risk factor
had 1.4-times higher odds (OR¼ 1.42; 95% CI¼ 1.16e1.75; P < .001)

Table 1
Patient Characteristics (N ¼ 2,410)

Characteristics Frequency (%)

Age at enrollment (y; median
[IQR]; n ¼ 1,972)*

1.4 (0.40e5.60)

Sex (% male) 1,319 (55%)
Race (% White) 1,811 (75%)
Hispanic (n ¼ 2,383)* 306 (13%)
Number of risk factors
0 1,734 (72%)
1 507 (21%)
>1 169 (7%)

Risk factors
Smoking 130 (5%)
Prescription drug use 376 (16%)
Recreational drug use 38 (2%)
Alcohol use 16 (1%)
Gestational diabetes 156 (6%)
Gestational hypertension 167 (7%)

IQR, interquartile range.
* The number in parentheses represents the number of cases with available data

for the given characteristic.
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of having a medical comorbidity compared with a patient who did
not have any prenatal risk factors.

Bilateral involvement

Fifty-seven percent of the subjects (1,365/2,393) had bilateral
involvement (Table 2). We found no associations between any of
the risk factors and bilateral involvement. Similarly, we did not find
any significant associations between having at least 1 prenatal risk
factor and bilateral involvement.

Proximal involvement

Eighteen percent of the subjects (434/2,410) had proximal
involvement (Table 2). The multivariable analysis showed that a
patient whose mother had GDM had 1.5-times higher chances
(OR ¼ 1.52; 95% CI ¼ 1.07e2.23; P ¼ .04) of proximal involvement
compared with a patient whose mother did not have GDM
(Table 2). No significant associations were found between having at
least 1 prenatal risk factor and proximal involvement.

Additional orthopedic conditions

Twenty-seven percent of the subjects (647/2,384) had addi-
tional orthopedic conditions (Table 2). The multivariable analysis

showed that a patient whose mother had GDM had 1.5-times
higher chances (OR ¼ 1.51; 95% CI ¼ 1.06e2.15; P ¼ .04) of having
an additional orthopedic condition compared with a patient whose
mother did not have GDM (Table 2). Furthermore, a patient with at
least 1 prenatal risk factor had 1.3-times higher chances (OR¼ 1.25;
95% CI ¼ 1.02e1.53; P ¼ .03) of having an additional orthopedic
condition compared with a patient who did not have any prenatal
risk factors.

Discussion

The etiology of CoULDs is still not well understood. This study of
2,410 patients from the CoULD registry attempted to shed light on
the risk factors for CoULDs. A majority of the analyzed patients did
not have an identified risk factor for an upper limb difference, and
the overall risk profile of the mothers of the patients in this study
was not substantially different from that of the general pop-
ulation.28e31 However, maternal prescription drug use and GDM
significantly increased the odds of a patient presenting with at least
1 comorbid medical condition, additional orthopedic conditions,
and proximal limb involvement.

These findings are supported by several prior studies. Prenatal
prescription drug use has been previously associated with an
increased risk of pediatric disease, such as the connection between

Table 2
Associations Between Each Prenatal Risk Factor and Affected Systems, Bilateral Involvement, Proximal Involvement, and Additional Orthopedic Condition Outcomes

Medical Comorbidities Affected Systems
(n ¼ 746)

No Affected Systems
(n ¼ 1,635)

Adjusted
Analysis*

Risk Factor Frequency (%) Frequency (%) OR (95% CI) Py

Smoking (n ¼ 130) 47 (6%) 82 (5%) 1.15 (0.76e1.73) .82
Prescription drug use (n ¼ 376) 144 (19%) 230 (14%) 1.43 (1.11e1.84) .02
Recreational drug use (n ¼ 38) 16 (2%) 22 (1%) 1.73 (0.87e3.47) .31
Alcohol use (n ¼ 16) 7 (1%) 9 (1%) 1.92 (0.67e5.49) .30
GDM (n ¼ 156) 61 (8%) 94 (6%) 1.58 (1.10e2.26) .04
Gestational hypertension (n ¼ 167) 65 (9%) 101 (6%) 1.42 (1.00e2.03) .10

Bilateral Involvement
Bilateral Involvement
(n ¼ 1,365)

No Bilateral Involvement
(n ¼ 1,028)

Adjusted
Analysis*

Risk Factor Frequency (%) Frequency (%) OR (95% CI) Py

Smoking 75 (5%) 54 (5%) 1.07 (0.75e1.54) .82
Prescription drug use 209 (15%) 164 (16%) 0.98 (0.78e1.22) .83
Recreational drug use 20 (1%) 18 (2%) 0.83 (0.44e1.59) .58
Alcohol use 12 (1%) 4 (0%) 2.31 (0.74e7.22) .30
GDM 92 (7%) 62 (6%) 1.12 (0.80e1.56) .52
Gestational hypertension 86 (6%) 80 (8%) 0.80 (0.59e1.11) .24

Proximal Involvement
Proximal Involvement
(n ¼ 434)

No Proximal Involvement
(n ¼ 1,976)

Adjusted
Analysis*

Risk Factor Frequency (%) Frequency (%) OR (95% CI) Py

Smoking 20 (5%) 110 (6%) 0.83 (0.51e1.36) .82
Prescription drug use 66 (15%) 310 (16%) 0.94 (0.70e1.26) .83
Recreational drug use 4 (1%) 34 (2%) 0.53 (0.19e1.50) .31
Alcohol use 2 (0%) 14 (1%) 0.63 (0.14e2.80) .55
GDM 38 (9%) 118 (6%) 1.52 (1.04e2.23) .04
Gestational hypertension 30 (7%) 137 (7%) 0.97 (0.64e1.47) .87

Additional Orthopedic Conditions
Additional Orthopedic
Condition(s) (n ¼ 647)

No Additional Orthopedic
Condition(s) (n ¼ 1,737)

Adjusted
Analysis*

Risk Factor Frequency (%) Frequency (%) OR (95% CI) Py

Smoking 36 (6%) 94 (5%) 0.95 (0.63e1.43) .82
Prescription drug use 113 (17%) 260 (15%) 1.15 (0.90e1.48) .54
Recreational drug use 14 (2%) 24 (1%) 1.62 (0.82e3.20) .31
Alcohol use 2 (0%) 14 (1%) 0.36 (0.08e1.67) .30
Gestational diabetes 54 (8%) 102 (6%) 1.51 (1.06e2.15) .04
Gestational hypertension 59 (9%) 107 (6%) 1.53 (1.08e2.15) .06

* Each OR and CI is based on an adjusted logistic regression model controlling for age and the presence of a syndrome.
y P values have been adjusted based on the Benjamini-Hochberg false discovery rate method.
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gastroesophageal reflux therapies and childhood asthma.32 Gesta-
tional diabetes mellitus has also previously been shown to increase
the odds of medical morbidity for neonates, which is consistent
with our findings.33,34 The prevalence of GDM and gestational hy-
pertension has been estimated to be around 5.6% and 3%, respec-
tively.28,31 We found a 6% prevalence rate of GDM, similar to the
expected prevalence. However, the mothers in this study had a 7%
prevalence rate of gestational hypertension, which is more than
twice the expected prevalence. Others have postulated an associ-
ation between gestational hypertension and CoULDs, but the cur-
rent study did not find that gestational hypertension increased the
odds of proximal limb involvement or other orthopedic or medical
conditions.22 Further research is needed to understand this po-
tential association, and care should be taken to not infer causality
because gestational hypertension is, by definition, a condition
diagnosed after 20 weeks of pregnancydlong after limb develop-
ment is complete.35

The presence of GDM significantly increased the odds of
proximal involvement as well as other medical and orthopedic
comorbidities in the children. Gestational diabetes mellitus im-
pacts fetal and neonatal development, but it has not been spe-
cifically characterized as an upper limb teratogen.18 A possible
explanation for GDM’s association in this study is that GDM
generates vascular and placental changes that can exacerbate
pre-existing teratogenic processes.36 As in gestational hyperten-
sion, GDM is typically diagnosed by testing between 24 and 28
weeks, after major limb and organ development has occurred.37

On the other hand, GDM can occur in patients with undiagnosed
pre-existing type 2 diabetes because its diagnosis includes all
diabetes first observed during pregnancy.38 Therefore, it is
possible that the association between GDM and proximal
involvement in this study was confounded. Gestational diabetes
mellitus is strongly linked to other metabolic conditions and
risks, such as obesity, which is known to alter fetal development
and maternal-fetal blood flow.39,40 More research will be needed
to understand the potential explanations and make more gran-
ular distinctions.

The lack of an association between maternal alcohol use,
smoking, or recreational drug use during pregnancy and more se-
vere presentation appears to contradict previously described
findings. All 3 factors have been associated with adverse medical
events in neonates and fetuses, and there is evidence that smoking
and vasoactive recreational drug use may have specific limb tera-
togenicity.8,12 This discrepancy may reflect biases inherent to the
method of data collection used in the study. Although verification
using medical records was attempted, this study did use self-
reporting as the method of data collection for the risk factors.
Self-reporting is particularly subject to social desirability and recall
biasesdboth of which might have underestimated the true fre-
quency of the risk factors and outcomes in our patient population.41

For example, the reported rates of maternal prescription drug use,
smoking, and alcohol consumption were lower in our cohort than
in recent population-level studies.29,42,43 In addition, 16% of the
patients in the registry had mothers who reported taking pre-
scription medication during pregnancy, but most studies have
estimated the rate of maternal prescription drug use to be much
higher in the United Statesdwith 1 national study of 30,000
women revealing that 70% used a prescription medication at some
point during pregnancy.42 Because of the equivocal nature of the
data in this case, it is of great importance that the results of this
study are not interpreted to downplay the risk of substance use of
any kind in the prenatal period.

An additional limitation is that this study was performed in a
sample of patients from the United States who were participants in
the CoULD registry, and thus, the study findings are only

generalizable to the population of patients treated at these tertiary
institutions. Because all data in the registry come from these cen-
ters, the descriptive profiles in the present study are potentially
subject to a referral bias.44 The ratios of the demographic and
clinical features of the total population of patients with a CoULD in
the United States may differ from those derived from the subset of
patients who seek treatment at registry facilities.

The overall risk profile of the mothers in the CoULD study
was not very different from that of the general population.
Families should be reassured that maternal behavior and health
is not the sole causative etiology of their child’s condition.
However, surgeons should be aware that both the presence of
maternal prescription drug use and GDM increase the odds of
patients with a CoULD having additional medical and orthopedic
conditions. For this reason, a thorough examination of these
patients is warranted.

Our study found that 72% of the 2,410 analyzed patients from
the CoULD registry did not report any risk factors. Therefore,
environmental factors affecting the etiology of CoULD remain
poorly understood. The source of CoULDs, in general, is likely
multifactorial, and surgeons should continue to counsel their
patients that there is no evidence that mitigating the risk would
prevent the formation of a limb difference. Although GDM, in
particular, significantly increased the odds of the patients having
a comorbid medical condition, proximal involvement, and an
additional orthopedic condition, it is not generally diagnosed
until long after the critical period of fetal limb development.
Surgeons should be aware of the potential increased risk of
undiagnosed conditions in patients with CoULDs who have a
history of maternal GDM. To guide clinical practice, further
research on the association between specific risk factors and
patient outcomes is needed. The CoULD registry represents an
excellent opportunity for continuing investigations into the
prenatal risk of CoULDs.
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