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Surgical Epidemiology:  

Prediction and Causation in Clinical Datasets 

 

ABSTRACT 

 
Many important questions on the comparative effectiveness of surgical interventions may be 

difficult to answer with randomized control trials due to ethical, feasibility, or logistical concerns. 

While the field of causal inference has advanced our ability to interrogate causal questions in 

medicine using observational data, recent methodological frameworks such as target trial emulation 

are not commonly utilized in surgical literature. The use of these methods in surgical epidemiology is 

complicated by the fact that many important indications for surgical interventions, which are usually 

confounders for the effect of interest, are not captured in large, automated datasets. Using electronic 

medical record data, including data manually collected from operative and visit notes, we 

interrogated questions arising from the fields of orthopedic surgery (Chapters 1 and 2) and obstetric 

surgery (Chapter 3) using both prediction (Chapter 1) and causal inference (Chapters 2 and 3) 

methodologies. These studies are united by their use of clinical datasets to answer questions 

involving relatively uncommon surgical interventions. 

In Chapter 1, we identified two cohorts of surgically treated scaphoid non-unions from the 

United States and Japan (N=70) and used computed tomography (CT) scans to measure the bone 

density of proximal and distal fracture fragments relative to the triquetrum. In using a relative 

measure, we aimed to isolate within-subject differences in scaphoid bone density from between-

subject differences in baseline bone density due to age, sex, nutrition, etc. We assessed the predictive 
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characteristics of this measure for post-operative healing within 3 months. The results may be used 

to counsel patients considering surgery on the likelihood of post-operative healing.   

In Chapter 2, we assessed the effect of an orthopedic surgical intervention with strong 

clinical equipoise and weak a priori hypothesized confounding. We specified a target trial to estimate 

the effect of anterior transposition versus in situ release of the ulnar nerve on the 2-year risk of 

reoperation for ulnar neuropathy within a retrospective cohort of surgically treated distal humerus 

fractures. Although prior randomized control trials have been conducted to assess the effect of ulnar 

nerve transposition on post-operative ulnar neuropathy, neuropathy is a subjective outcome that 

may be transient in nature. This is the first study to describe the epidemiology of reoperation for 

ulnar neuropathy among patients with distal humerus fracture and to assess the effect of ulnar nerve 

transposition on this outcome.  

In Chapter 3, we applied a similar methodology to assess the effect of an obstetric surgical 

intervention with strong a priori hypothesized confounding. We additionally utilized an alternative 

methodology to assess the population-level effect of more pragmatic treatment strategies to address 

a lack of equipoise for subsets of patients included in static treatment strategies. Transabdominal 

cervical cerclage is an abdominal surgical procedure to prevent spontaneous preterm birth. The first 

and only randomized trial on transabdominal cerclage found a strongly protective effect for 

spontaneous preterm delivery before 32 weeks of gestation compared with transvaginal cervical 

cerclage. However, this trial was conducted in a high-risk obstetric population and the effect size 

may not generalize to a patient population with fewer risk factors for recurrent spontaneous preterm 

birth. We specified a target trial to estimate the effect of transabdominal cervical cerclage versus 

transvaginal cerclage on the risk of preterm delivery before 34 weeks within a lower risk obstetric 

population compared with the trial population. The results of this study may be used to inform 

decisions about whether transabdominal cerclage should be offered to lower risk patients.   
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INTRODUCTION 

Many questions on the comparative effectiveness of surgical interventions may be difficult to answer 

with a randomized control trial. Reasons include ethical concerns surrounding the randomization of 

patients to potentially invasive therapeutic procedures;1 feasibility issues related to uncommon 

conditions and correspondingly long study time frames;2 lack of perceived equipoise on an individual 

surgeon level (even when it might exist within the surgical community) and among patients, who 

often have strong preferences about surgery and may be reluctant to be randomly assigned;2,3 or lack 

of funding or infrastructure. While the field of causal inference has advanced our ability to 

interrogate causal questions in medicine using observational data, recent methodological frameworks 

such as target trial emulation4-6 are not commonly utilized in surgical literature. The use of these 

methods in surgical epidemiology is complicated by the fact that many important indications for 

surgical interventions, which are usually baseline confounders for the effect of interest, are not 

captured in large, automated datasets. High-dimensional electronic medical record data – including 

variables extracted from operative notes – are often necessary for adequately adjusting for sources of 

bias inherent in observational surgical data.   

In this dissertation, I utilize data from electronic medical records to assess both prediction 

and causation questions related to the fields of orthopedic and obstetric surgery. The three chapters 

are united by their use of clinical datasets to answer questions involving relatively uncommon 

surgical interventions. In Chapter 1, we assess the predictive characteristics of a novel measure of 

bone sclerosis extracted from computed tomography scans for surgically treated scaphoid non-

unions. In Chapters 2 and 3, we emulate target trials to interrogate causal questions of surgical 

interventions that would be difficult to answer with randomized control trials.  

In Chapter 2, we emulate a target trial to estimate the effect of transposition versus in situ 

management of the ulnar nerve during distal humerus fracture open reduction and internal fixation 
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(ORIF) for the outcome of reoperation for ulnar neuropathy within 2 years of ORIF. Although a 

previous trial showed no effect of ulnar nerve transposition on post-operative ulnar neuropathy in 

patients with distal humerus fracture,7 no interventional or observational study has assessed the 

effect on reoperation for ulnar neuropathy. Reoperation is an objective outcome that may be more 

indictive of long-term nerve health. Such a trial would be difficult to perform due to the low 

incidence of reoperation for ulnar neuropathy, lack of perceived equipoise among surgeons across 

specialties, and the long follow-up period for outcome.    

In Chapter 3, we estimate the causal effect of transabdominal cerclage relative to transvaginal 

cerclage for the prevention of preterm delivery before 34 weeks of pregnancy. A single randomized 

trial has been performed on this topic,8 which illustrated many of the challenges of randomizing an 

invasive procedure to patients either preconceptionally or early in pregnancy. Since the trial, which 

demonstrated clear superiority of the transabdominal approach in a high-risk patient population, 

some clinicians question whether transabdominal cerclage should be offered to a broader range of 

patients. As a similar trial is unlikely to be performed in a lower risk patient population, we sought to 

estimate the effect using observational data.  

Taken together, we demonstrate how rigorous causal inference frameworks, such as target 

trial emulation, applied to clinical datasets can enable the estimation of causal effects for surgical 

interventions. We additionally discuss the various assumptions required to interpret these estimates 

causally.  

 

  



 3 

 

 

 

 

 

 

CHAPTER 1:  

Prediction in Hand Surgery 

Preoperative bone density measurements from computed tomography scans for prediction of 
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1.1 ABSTRACT 

Relative bone density (RBD) of proximal and distal fragments relative to the triquetrum has been 

shown to predict non-union in nonoperatively managed subacute scaphoid fractures. We 

hypothesized that RBD would predict 3-month healing of scaphoid delayed unions or non-unions 

treated by open reduction and internal fixation (ORIF).  

We identified a retrospective cohort of adult scaphoid fractures treated with ORIF between 

6 weeks and 2 years after injury at two academic medical centers from 2005-2022 (N=70). Bone 

density was measured by 2 observers from pre-operative CT scans using standard clinical radiology 

software. RBD was calculated as the ratio of mean bone density in the fracture fragments relative to 

the triquetrum for each fragment and the difference between proximal and distal fragments. 

Predictive accuracy for healing at 3 months using optimal RBD cutoffs was analyzed using 

sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).  

Sixty-one patients of 70 (87%) had follow-up at 3 months. Of those, eleven fractures (18%) 

demonstrated persistent non-union. PPVs for healing ranged from 0.83-0.95 and NPVs ranged from 

0.18-0.33 for all predictors. The difference between mean RBD of the proximal and distal fragments 

had the highest positive predictive value of 95% (PPV 0.95; NPV 0.26; c-statistic 0.64), followed by 

the mean RBD of the proximal fragment alone (PPV 0.86; NPV 0.25; c-statistic 0.56). We conclude 

that the difference in RBD between proximal and distal fragments is a moderate predictor for 

healing at 3 months.  

 

1.2 INTRODUCTION 

The scaphoid bone is the most commonly fractured carpal bone, accounting for 10% of hand 

fractures and 60%-70% of all carpal fractures.1-3 Estimates of the incidence rate of scaphoid 

fractures have varied across U.S. study populations, ranging from 1.4 suspected or diagnosed 
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fractures per 100,000 person-years in patients presenting to general emergency rooms to 285 per 

100,000 person-years in patients presenting to trauma centers.4-6  

 Scaphoid fractures are sometimes missed in the acute period. Unrecognized fractures have a 

higher likelihood of progression to non-union and may fail conservative treatment.7 Overall, 

approximately 15% of scaphoid fractures progress to non-union; these non-unions can be difficult 

to treat successfully and may progress to carpal collapse and degenerative arthritis.8,9 Among non-

unions treated surgically, the estimated proportion that unite ranges from approximately 25% to 

>95% depending on the location of the fracture, presence of avascular necrosis (AVN), fixation 

method, bone grafting, and grafting type (vascularized vs. non-vascularized).10  

Prediction of fractures that will progress to non-union is important for patient counseling 

and clinical decision-making. Miyamura et al. (2020) demonstrated that increased bone density of 

proximal and distal scaphoid poles relative to the triquetrum could predict progression to non-union 

in nonoperatively managed subacute scaphoid waist fractures, with c-statistics of 0.81 and 0.83 for 

the distal and proximal fragments, respectively.11 These findings are in line with prior observations 

that the proximal and distal poles of surgically excised scaphoid non-unions have elevated bone 

density compared with controls, possibly resulting from an ischemic insult after fracture, limited 

remodeling after fracture, or new bone formation at the fracture site.12 However, to our knowledge, 

no studies have assessed the predictive utility of relative bone density for healing of surgically-treated 

scaphoid fractures.    

As the risk of persistent non-union for surgically treated scaphoid non-unions may be 10% 

or higher,10 there is a need to understand which fractures are likely to unite after surgery. Surgical 

intervention carries both risks and financial costs, and in the setting of an elective procedure, there 

must be reasonable belief of benefit; thus, being able to predict which patients are likely to do well 

after surgical intervention would have high clinical utility. The aim of this study was to determine 
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whether relative bone density can predict healing of scaphoid delayed unions or non-unions treated 

by open reduction and internal fixation (ORIF) without vascularized bone grafting in a large, 

multicenter cohort in the United States and Japan. Contrary to most prediction studies in medicine 

where the aim is to predict disease, we chose to predict the probability of healing, as this may be of 

greater benefit for counseling patients considering surgery. 

 

1.3 METHODS 

1.3.1 Study cohort 

We identified two retrospective cohorts of adult patients who underwent ORIF for scaphoid non-

union or delayed union. The first cohort consisted of patients treated between January 1, 2008 and 

December 10, 2021 at one of five hospitals within the Mass General Brigham (MGB) system in 

Boston, MA: Massachusetts General Hospital, Brigham and Women’s Hospital, Newton-Wellesley 

Hospital, Faulkner Hospital, and Wentworth-Douglass Hospital. Patients were identified through 

the Research Patient Data Registry, which covers all relevant orthopedic encounters, using Current 

Procedural Technology (CPT®) codes for open treatment of scaphoid fracture (CPT codes 25628, 

25440). The second cohort consisted of patients treated between January 1, 2005 and February 14, 

2022 at Osaka University Hospital and Japan Community Health Care Organization Osaka Hospital 

in Osaka, Japan and were identified through electric medical records using cross-codes for scaphoid 

non-union and CT scan. The use of these data for research was approved by the institutional review 

boards at Mass General Brigham and Osaka University Hospital. 

Inclusion and exclusion criteria were verified by manual chart review and can be found in 

Figure 1.1. We limited the time interval between CT imaging and ORIF to ≤18 weeks because bone 

density likely changes over time and large delays from CT to ORIF could reduce clinical utility.  
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Inclusion criteria 
• Non-united scaphoid fracture  
• Time from injury to ORIF ≥ 6 weeks and <2 years  
• Patient ≥18 years of age at time of ORIF 
• Accessible CT scan with three planes of imaging (coronal, axial, and sagittal) performed  

≤ 18 weeks before ORIF 
Exclusion criteria 

• Central cyst larger than ~50% of the fracture fragment 
• Vascularized bone grafting 
• Previous scaphoid surgery 
• Open fracture 
• Concurrent carpal fractures 
• Concurrent distal radius fractures 
• Trans-scaphoid perilunate fracture dislocation 
• Radiocarpal osteoarthritis 
• Proximal pole collapse due to avascular necrosis  

 
Figure 1.1. Inclusion and exclusion criteria for entry into the cohort.    

 

1.3.2 Bone density measurements and relative bone density (RBD) calculation 

The primary explanatory variable in this study was scaphoid relative bone density (RBD) measured 

from pre-operative CT scans using standard clinical radiology imaging software: Visage® 7 (Visage 

Imaging, Inc., San Diego, CA) or Synapse Vincent (Fuji Film, Tokyo, Japan). As previously 

described by Miyamura et al.,11 scaphoid bone densities were expressed as a relative value of the 

triquetrum bone density to account for individual variation in bone quality, bone metabolic profile, 

etc., and to isolate the changes that occur in the scaphoid due to fracture-related pathology. If a 

patient had multiple pre-operative CT scans, the scan closest in date to ORIF was used.  

Bone density was measured as follows. Each bone region (proximal scaphoid fragment, 

distal scaphoid fragment, triquetrum) was viewed in three planes (coronal, sagittal, axial). The 

geographical center of each fragment was determined using a tracer. A circular region of interest 

(ROI) was drawn in each plane, taking care to maximize the ROI size by including but not extending 

past the cortex.13,14 Cystic areas and areas with significant bone loss were not included in the ROI 
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(Figure 1.2). We collected the mean density for each ROI on a single slice in Hounsfield units (HU). 

All measurements were performed individually by two observers (JL and YH). In quality assessment, 

repeat measurements were performed for five cases by the same two observers after assessment by 

the senior author (NC).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.  Depiction of the process used to measure bone density in the proximal and distal 
scaphoid fracture fragments and triquetrum. Columns from left to right: sagittal plane, coronal 
plane, and axial plane.   

 

 

J K L 

G H I 

D E F 

A B C 

1. Identify the center of the 
proximal fragment using 
axial, coronal and sagittal 
planes of the proximal 
fragment (A-C, dashed 
line). 

2. Measure Hounsfield units 
of the region of interest 
(ROI) using largest 
possible circle in the 
proximal fragment in each 
plane (D-F). Avoid 
measuring areas with 
cystic changes or bone 
loss. 

3. Repeat steps 1 and 2 for 
the distal fragment (F-H). 

4. Identify the center of the 
triquetrum using axial, 
coronal and sagittal 
planes of the proximal 
fragment (J-L, dashed 
line). 

5. Measure Hounsfield units 
of the region of interest 
(ROI) using largest 
possible circle in the 
proximal fragment in each 
plane (J-L).  
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The RBD proportions were calculated using the mean bone density measurements for each 

ROI. The following equation for RBD was used to obviate problems that arise from the absence of 

a calibration phantom:11 

 

𝑅𝐵𝐷 =
𝑚𝑒𝑎𝑛	𝑏𝑜𝑛𝑒	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑠𝑐𝑎𝑝ℎ𝑜𝑖𝑑	𝑅𝑂𝐼	(𝐻𝑈)
𝑚𝑒𝑎𝑛	𝑏𝑜𝑛𝑒	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑡𝑟𝑖𝑞𝑢𝑒𝑡𝑟𝑢𝑚	(𝐻𝑈)  

 

For each plane (coronal, sagittal, axial), we calculated RBD for each fragment and the difference in 

RBD between the proximal and distal fragments. The axial plane had lower inter-observer reliability 

for both the scaphoid and triquetrum. We therefore used only the coronal and sagittal planes for 

analysis. We then calculated mean RBD of the coronal and sagittal planes by taking the average of 

the mean bone densities in each plane for the fragment over the average of the mean bone densities 

in each plane for the triquetrum.  

 

1.3.3 Outcomes and follow-up 

The outcome of interest was radiographic scaphoid healing at the scheduled 3-month postoperative 

visit or revision surgery, whichever came first. We chose the 3-month time point based on literature 

on follow-up among orthopedic trauma patients.15 The scheduled 3-month visit was defined as a 

postoperative orthopedic surgery visit with scaphoid imaging (radiographs or CT) between  ≥10 and 

<18 postoperative weeks to allow for variation in clinical scheduling. Baseline and operative 

characteristics were compared between patients with complete follow-up and patients who were lost 

to follow-up to assess for potential informative differences.  

Healing at the 3-month visit was determined based on assessments of radiographic evidence 

by the primary surgeon and attending radiologist and was secondarily verified by board-certified 
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hand surgeons (NC and SM). Patients who had a revision surgery for non-union (including four 

corner fusion, proximal row carpectomy, and revision scaphoid surgery) before the 3-month visit 

were assigned to the non-healing group irrespective of subsequent radiographic or clinical 

improvement.  

 

1.3.4 Covariates 

All covariate data including demographic, injury-related, and treatment-related variables were 

extracted from the medical chart by manual review. Baseline proximal pole sclerosis or avascular 

necrosis were determined based on mention in pre-operative CT reports and fracture plane 

orientation was determined by manual review of pre-operative CT scans. 

 

1.3.5 Statistical analysis 

Baseline characteristics at the two study sites were compared before pooling the datasets. In the 

pooled cohort, descriptive statistics were calculated as mean and 95% confidence intervals (CI) for 

continuous, normally distributed variables; median and interquartile range (IQR) for continuous, 

non-normally distributed variables; and number and proportion for categorical variables. Continuous 

variables were assessed for normality using both the Shapiro-Wilk test and analysis of density 

distributions. All RBD measurements followed a normal distribution except for the distal fragment, 

the distribution of which was normal apart from three outliers. As a sensitivity analysis, we 

compared median and mean RBD in the distal fragment including and excluding outliers. The results 

were not meaningfully altered, thus mean and SDs including outliers were used for all RBD 

measurements.  

Inter-observer reliability for mean bone density measurements for each of the three planes in 

the proximal fragment, distal fragment, and triquetrum was assessed using the intraclass correlation 
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coefficient (ICC) using the MGB cohort. Observer agreement was classified as poor (ICC = 0.01-

0.20), fair (ICC = 0.21-0.40), moderate (ICC = 0.41-0.60), substantial (ICC = 0.61-0.80), or almost 

perfect (ICC = 0.81-1.00).16  

 

1.3.6 Receiver operating characteristic (ROC) curve analysis 

ROC curve analyses were performed using the cutpointr package in R.17 Optimal cutoff to predict 

healing at 3 months was determined by optimizing the product of sensitivity and specificity.18 Using 

this cutoff, the sensitivity, specificity, positive predictive value (PPV), negative predictive value 

(NPV), and c-statistic were calculated for each of the candidate RBD predictors (proximal, distal, 

difference between proximal and distal fragments). ROC parameters were calculated such that a 

fracture with RBD equal to or below the cut point would have a higher probability of healing. 95% 

confidence intervals (CIs) were estimated using bootstrapping with 1000 repetitions. 

Data analysis was performed using R 2021.09.0 (R Foundation for Statistical Computing, 

Vienna, Austria).  

 

1.3.7 Sensitivity analyses 

Because surgeons may be interested in final post-operative union, we tested the correlation between 

healing at the 3-month visit and final union in a subset of patients with at least 6 months of follow-

up (N=32).  First, we restricted to patients who had a postoperative visit ≥ 6 months after ORIF or 

who had a revision surgery for scaphoid non-union at any time. Patients who had a revision surgery 

were classified as non-unions. Cohen’s kappa was used to assess degree of agreement, with values 

>0.75 interpreted as excellent agreement beyond chance, values 0.40-0.75 interpreted as fair to good 

agreement beyond chance, and values <0.40 interpreted as poor agreement.16 
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As degenerative osteoarthritic changes increase over time in scaphoid non-unions,19 we 

hypothesized that bone densities in older fractures may be more affected by these changes rather 

than healing potential of the fragments. We therefore performed a sensitivity analysis to examine 

predictive characteristics of the candidate predictors among patients with time from fracture to 

ORIF ≤6 months.  

 

1.4 RESULTS 

1.4.1 Study cohort 

In total, 55 patients at the MGB site and 15 patients at the Osaka site met inclusion criteria (N=70). 

Patients at the MGB site versus the Osaka site were similar across all baseline characteristics except 

for current tobacco use (77% versus 33%, respectively), surgical approach (61% volar versus 100%, 

respectively) and bone graft source (53% versus 100% iliac crest, respectively) (Appendix Table 

A.1.1).  

Of the 70 patients in the pooled cohort, 61 (87%) had a postoperative visit with imaging at 

the scheduled 3-month visit and were used for analysis. The 9 patients without a 3-month visit were 

similar across baseline and operative characteristics to those with recorded 3-month outcomes 

(Appendix Table A.1.2).  

 

1.4.2 Baseline and operative characteristics 

Table 1.1 shows baseline and operative characteristics stratified by healing at the 3-month visit. 

Overall, the cohort was young (mean 33 ± 16 years) and predominantly male (84%, 51/61). The 

most common fracture location was the scaphoid waist (79%, 48/61), followed by the proximal pole 

(16%, 10/61) and distal pole (4.9%, 3/61). Just over one-third of fractures with accessible radiology 

reports (39%, 23/59) were described as having mild to moderate proximal pole sclerosis, and one 
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fracture was noted to have avascular necrosis. The median time from injury to ORIF was 18 weeks 

(IQR 13 – 31 weeks) and from CT to ORIF was 2 weeks (IQR 2 – 5 weeks). Most fractures were 

treated via a volar approach (71%, 42/59) and nearly all were fixed with screws (98%, 60/61). Non-

vascularized bone grafting from the iliac crest or distal radius was used in 74% (45/61) of fractures.   

 

Table 1.1. Baseline and operative characteristics of pooled analytic cohort (N=61) stratified by 
healing at 3-month postoperative visit.  

Characteristic N Overall  
(N = 61) 

Not healing 
at 3-month 
visit (N=11) 

Healing at 
3-month 

visit (N=50) 
Patient characteristics1 
Study Site 61 

   

     MGB 
 

46 (75%) 11 (24%) 35 (76%) 
     Osaka 

 
15 (5%) 0 (0%) 15 (100%) 

Age at surgery (years) 61 33 (16) 32 (17) 33 (16) 
Sex 61 

   

     Female 
 

10 (16%) 1 (10%) 9 (90%) 
     Male 

 
51 (84%) 10 (20%) 41 (80%) 

Current tobacco use 59 39 (64%) 6 (15%) 33 (85%) 
Corticosteroid use 61 0 (0%) 0 (0%)  0 (0%)  
Diabetes 61 2 (3.3%) 1 (50%) 1 (50%) 
Location of fracture 61 

   

     Distal  3 (4.9%) 0 (0%) 3 (100%) 
     Proximal 

 
10 (16%) 0 (0%) 10 (100%) 

     Waist 
 

48 (79%) 11 (23%) 37 (77%) 
Fracture plane orientation 61    
     Horizontal oblique  31 (51%) 6 (19%) 25 (81%) 
     Transverse  26 (43%) 5 (19%) 21 (81%) 
     Vertical oblique  4 (6.6%) 0 (0%) 4 (100%) 
Proximal pole sclerosis2 59    
     None  35 (57%) 6 (17%) 29 (83%) 
     Mild to moderate proximal pole    
     sclerosis 

 23 (38%) 5 (22%) 18 (78%) 

     Avascular necrosis  1 (1.6%) 0 (0%) 1 (100%) 
Operative characteristics1 

Surgical approach3 59 
   

     Dorsal 
 

17 (26%) 1 (5.9%) 16 (94%) 
     Volar 

 
42 (69%) 9 (21%) 33 (79%) 

Fixation type 61 
   

     Kirschner wire 
 

1 (1.6%) 0 (0%) 1 (100%) 
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1 Continuous variables presented as mean (SD), 95% CI; categorical variables presented as N (%) 
and 95% CI (%) 
2 Two fractures were missing radiology reports 
3 Surgical approach was not described/ascertainable for two fractures 
4 Median (interquartile range, IQR) 

 

1.4.3 Post-operative outcomes 

Eleven patients (18%, 11/61) were classified as non-healing at the 3-month postoperative visit. One 

patient had revision surgery for scaphoid non-union at 13.4 weeks post-operatively. All non-healing 

fractures were waist fractures. The incidence of non-healing was higher among fractures treated with 

bone grafting (22% [10/45] vs. 6.3% [1/16]), volar surgical approach (21% [9/42] vs. 5.9% [1/17]), 

and among men (20% [10/51] vs. 10% [1/10]) (Table 1.1). The median time from fracture to ORIF 

was slightly longer among fractures that did not heal (22 weeks vs. 17 weeks). The incidence of non-

healing was similar across other characteristics.  

In a sensitivity analysis of 32 patients with final postoperative visit ≥	6 months or revision 

surgery for scaphoid non-union, there was 100% agreement between healing or revision surgery for 

non-union assessed at the 3-month visit and at the final postoperative visit (Cohen’s kappa = 1.00, 

p<0.001).   

 

 

Table 1.1 (Continued)  
 
     Screw 

 
60 (98%) 11 (18%) 49 (82%) 

Bone graft 61 45 (74%) 10 (22%) 35 (78%) 
Bone graft source 45 

   

     Distal Radius 
 

15 (25%) 4 (27%) 11 (73%) 
     Iliac Crest  30 (49%) 6 (20%) 24 (80%) 
Time characteristics4 

Time from fracture to CT (weeks) 61 14 (10, 28) 15 (13, 36) 14 (9, 27) 
Time from fracture to ORIF (weeks) 61 18 (13, 31) 22 (21, 40) 17 (11, 29) 
Time from CT to ORIF (weeks) 61 2 (2, 5) 4 (2, 8) 2 (2, 4) 
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1.4.4 Bone density analysis 

In the coronal and sagittal planes, the ICCs for mean bone density measurements in the healing 

group ranged from 0.87 to 0.94 and in the non-healing group ranged from 0.92 to 0.99, indicating 

almost perfect inter-observer reliability (Appendix Table 1.3). The ICCs were lower in the axial 

plane; thus, axial measurements were not used for prediction.  

Overall, mean RBD was higher in the proximal fragments than in the distal fragments (mean 

difference 0.40, 95% CI 0.29 – 0.51). Comparing the non-healing group to the healing group, RBD 

values were marginally higher in the proximal fragment and marginally lower in the distal fragment. 

The largest mean difference between the non-healing and healing groups was observed for the 

difference in RBD between the proximal and distal fragment (mean difference 0.15, 95% CI -0.02 – 

0.31) (Table 1.2).  

 

Table 1.2. Mean relative bone density (RBD) values in proximal and distal fragments and the 
difference between proximal and distal fragments, stratified by healing at the 3-month postoperative 
visit.  
 
Predictor  Overall  

(N=61)1  
Not healing 
at 3 months 
(N=11)1 

Healing at 3 
months 
(N=50)1 

Mean difference 
(95% CI)2  

Proximal fragment 1.53 (0.33) 1.58 (0.31) 1.51 (0.34) 0.07 (-0.16, 0.29) 

Distal fragment 1.13 (0.29) 1.07 (0.23) 1.14 (0.30) -0.07 (-0.24, 0.10) 

Difference between 
proximal and distal 
fragments 
 

0.40 (0.32) 0.52 (0.22) 0.37 (0.33) 0.15 (-0.02, 0.31) 

1 Mean RBD (standard deviation, SD) 
2 Difference between mean RBD in non-healing group and healing group (95% confidence interval 
(CI) for difference) 

 

Positive predictive values were excellent (range 0.83-0.95) while negative predictive values 

were low (range 0.18-0.33) for all predictors. Comparing the candidate predictors using the mean 



 16 

RBD values, the highest positive predictive value for 3-month healing was obtained using the 

difference between RBD in the proximal and distal fragments (“difference RBD”); patients with a 

difference RBD value below 0.32 had a PPV for healing of 95% (PPV=0.95, 95% CI: 0.81, 1.0) 

(Table 1.3, Figure 1.3). 

 

Table 1.3. Receiver operating curve (ROC) characteristics for relative bone density (RBD) above cut 
point as a predictor of healing progression at 3 months postoperatively in surgically treated scaphoid 
delayed unions and non-unions (N=61). PPV, positive predictive value for healing at 3 months; 
NPV, negative predictive value for healing at 3 months.  
 
Predictor RBD Cut 

point 
Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV  
(95% CI) 

NPV  
(95% CI) 

C-statistic 
(95% CI) 
 

Proximal fragment 1.54 0.64  
(0.31, 0.85) 

0.55  
(0.38, 1.0) 

0.86 
(0.78, 1.0) 

0.25 
(0.13, 0.50) 

0.56  
(0.38, 0.75) 
 

Distal fragment 1.10 0.58 
(0.27, 0.86) 

0.45 
(0.29, 0.88) 

0.83 
(0.71, 0.96) 

0.19  
(0.09, 0.40) 

0.45 
(0.26, 0.65) 
 

Difference 
between proximal 
and distal 
fragments 
 

0.32 0.42 
(0.34, 0.2) 

0.91 
(0.43, 1.0) 
 

0.95 
(0.81, 1.0) 

0.26  
(0.15, 0.59) 

0.64  
(0.47, 0.80) 
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Figure 1.3. Receiver operating characteristic (ROC) curves for RBD values in the proximal 
fragment and the difference between proximal and distal fragments (“difference”) for prediction of 
scaphoid fracture healing progression at the 3-month postoperative visit (N=61). Mean RBDs of 
coronal and sagittal planes are shown. AUC, area under the curve for the continuous predictor.  

 
 
1.4.5 Sub-analysis among fractures ≤ 6 months  

Within the subgroup of fractures with ≤ 6 months between injury and ORIF, the differences in 

RBD between the non-healing and healing groups were more pronounced (Appendix Table A.1.4). 

Predictive characteristics in this subgroup were similar (Appendix Table A.1.5, Appendix Figure 

A.2.2).  

 

1.5 DISCUSSION  

This study evaluated bone density of the proximal and distal fragments of scaphoid fractures relative 

to the triquetrum using CT images from 61 scaphoid delayed unions or non-unions treated by ORIF 

between 6 weeks and 2 years after injury. We found that smaller differences in relative bone density 
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between the proximal and distal fragment predicts fractures that are likely to heal, with a positive 

predictive value for healing of 95% for fractures with difference RBDs below 0.32. As negative 

predictive value was low (0.26), this measure is not predictive for identifying fractures that are 

unlikely to heal.    

Others have described increased bone density in scaphoid non-unions compared with united 

scaphoids, possibly arising from an ischemic insult after fracture.11,12 As in those studies, we found 

higher bone density in the proximal compared with the distal pole of scaphoid non-unions. This is 

likely attributable to the vascularity of the scaphoid, which consists of the dorsal scaphoid branch 

from the waist and the palmar scaphoid branch from the distal pole.20 Similar to Miyamura et al., we 

observed higher RBD in the proximal pole among fractures with poor healing at 3 months 

compared with healing fractures. These findings are in line with the theory posited in that study that 

patients who go on to non-healing may exceed a “threshold chronic ischemia” that impedes healing, 

or that sclerosis may occur due to fracture displacement and movement-related stress in unhealed 

fractures.11  

Unlike Miyamura et al., we observed lower RBD in the distal poles of non-healing fractures 

compared with healing fractures. Predictive characteristics were strongest for the difference in RBD 

between the proximal and distal fragments, suggesting that the change in bone density of the distal 

fragment may also be important. If non-healing was driven solely by the development of sclerosis in 

the proximal pole, we would expect that the proximal pole alone would perform equal to or better 

than the difference measure in prediction. It is possible that altered bone density of both the 

proximal and distal poles, and the difference in density alteration between the two poles, reflects the 

intrinsic healing potential of a subacute scaphoid fracture.  

In Miyamura et al., RBD was used to predict non-union in non-operatively managed 

subacute scaphoid fractures, with PPVs for non-healing ≥0.7 and NPVs ≥0.8. In the current study, 
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we sought instead to predict fractures that are likely to heal after surgery as a means of counseling 

patients considering surgical fixation. RBD did not perform as well at identifying fractures that did 

not heal at 3 months, as illustrated by the low NPVs observed for all predictors and poor overall 

predictive accuracy (c-statistics 0.56-0.65 in the difference and proximal measures). We hypothesize 

that our findings may reflect how surgical technique and fixation quality contribute to healing: in 

fractures with high RBD and lesser healing potential, superior techniques may improve outcomes. 

Below difference RBD=0.32, the probability of and potential for healing may be such that surgical 

factors matter less. Although this study does not provide evidence for or against these hypotheses, 

we believe that the clinical utility for RBD in this patient population lies in identifying fractures that 

are more likely to heal. We interpret our results as follows: for fractures with difference RBDs below 

0.32, the probability of progression to healing at 3 months without vascularized bone grafting is 

95%. For fractures with difference RBDs above 0.32, results are indeterminate. Although healing 

was common in this cohort (82% of fractures healed), the added ~13% positive predictive value of 

the RBD measure – which takes approximately 2-3 minutes to measure from routinely collected CT 

scans on standard clinical software – may be in counseling patients who are very likely to do well 

after surgery. However, validation in an external dataset is required before this measure could be 

used in clinical settings. Additionally, future studies could assess the role of surgical options such as 

vascularized bone grafting in indeterminate fractures.   

     There are several limitations to our study. First, although we sourced scaphoid fractures 

from two large academic centers, the small sample size limited our ability to perform subgroup 

analyses, multivariate prediction models, or internal validation of the model. A future study in a new 

patient population could serve to externally validate the predictive characteristics of difference RBD 

<0.32 for healing after scaphoid non-union surgery. Second, patients in this cohort had nonstandard 

follow-up times for the 3-month outcome, ranging from 10 weeks to 18 weeks. However, as this 
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variation reflects actual clinical variation in the timing of the scheduled 3-month post-operative visit, 

these findings may be generalizable to 3-month outcomes observed in clinical settings. Third, we 

relied upon retrospective radiologic interpretations of surgeons to determine 3-month outcomes. We 

attempted to mitigate systematic error by secondarily verifying healing status with a single board-

certified hand surgeon per site. Moreover, in a sensitivity analysis, 3-month healing status was 

perfectly correlated with final healing status in the subset of patients with follow-up beyond 6 

months, adding confidence to our assumption of minimal effect of observer subjectivity at 3 

months. Fourth, fractures were treated by multiple surgeons with varied surgical techniques. 

However, surgical variation only serves to make these data more generalizable to usual clinical 

practice, where there is significant variation in surgeon experience, preferences, and fixation 

methods. Fifth, included CT scans varied in slice thickness and scanner; however, this variation was 

likely to be random rather than systematic by healing status and likely did not impact RBD 

measurements due to the use of the triquetrum referent. Finally, as patients were included from two 

distinct populations, there is the possibility of batch effects; however, the use of the triquetrum 

referent should capture differences in baseline patient characteristics that might affect bone density, 

and surgical technique across institutions were similar.   

To conclude, we describe a potential tool for identifying subacute scaphoid delayed unions 

or non-unions that are likely to heal after surgical fixation. The value of this tool lies in counseling 

patients with scaphoid non-unions on the likelihood of successful operative fixation. One of the 

main strengths of this tool is ease-of-use in clinical settings. Bone density measurements were 

obtained from conventional radiology software, accessible in our institutions on every hospital 

computer, using CT scans performed as a part of routine pre-operative evaluation. Future studies 

performed in larger cohorts could examine subgroups to determine whether the predictive utility of 

relative bone density is higher within specific populations. Additionally, multivariate prediction 
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models could prove insightful and could potentially lead to the creation of a risk score combining 

relative bone density with other predictive variables. 
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2.1 ABSTRACT 

There is no consensus on whether anterior ulnar nerve transposition during distal humerus fracture 

open reduction and internal fixation (ORIF) is beneficial compared with in situ release for post-

operative ulnar nerve complications. We sought to estimate the effect of transposition versus in situ 

ulnar nerve release during distal humerus ORIF on the 2-year risk of reoperation for ulnar 

neuropathy. 

We identified a retrospective cohort of adult patients with distal humerus fractures treated 

with medial plate fixation at a single academic medical center encompassing two tertiary care centers 

in the United States between 2000-2019 (N=463). Data was extracted from medical charts. Pooled 

logistic regressions with inverse probability weights to adjust for potential confounding and selection 

bias by baseline covariates were used to estimate the 2-year risk difference (RD) and risk ratio (RR) 

comparing transposition to in situ release.  

The crude risk of reoperation for ulnar neuropathy within 2 years of ORIF was 11.7% 

(N=42/463, 95% CI: 8.4%, 15.0%). The adjusted risk of reoperation for the transposition group 

was 11.9% (95% CI: 4.9%, 13.6%) and for the in situ group was 11.4% (95% CI: 4.9%, 13.6%), 

adjusted RD=0.7% (95% CI: -6.0%, 6.1%). Subgroup analyses suggest that transposition may be 

slightly more beneficial for younger patients and AO/OTA type C fractures than all patients. 

We conclude that approximately 1 in 10 patients with distal humerus fracture treated by plate 

fixation have a reoperation for ulnar neuropathy within 2 years. Transposition of the ulnar nerve 

during ORIF has either no average effect or may protect against revision nerve surgery if there is 

unmeasured confounding by nerve position relative to plate at the conclusion of ORIF.  
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2.2 INTRODUCTION  

Distal humerus fractures account for approximately one-third of all humerus fractures.1 Treatment 

for displaced fractures is commonly open reduction and internal fixation (ORIF) and may involve in 

situ release or anterior transposition of the ulnar nerve.2 As postoperative ulnar neuropathy may 

occur in up to 50% of these patients,3 some advocate for routine transposition of the ulnar nerve 

during ORIF to reduce the risk of postoperative neuropathy.4,5 However, there is no consensus on 

whether transposition is beneficial for post-operative ulnar nerve complications compared with 

leaving the nerve in its native position posterior to the medial epicondyle. 

Retrospective studies comparing transposition to in situ release of the ulnar nerve during 

distal humerus ORIF for post-operative ulnar neuropathy have utilized small study cohorts (largest 

N=137) with descriptive methodologies. A range of risk estimates have been reported.3,6-9 For 

example, Chen et al. (N=137) report crude risks of postoperative ulnar neuropathy of 33% for 

transposed patients and 9% for patients with in situ release, while Vazquez et al. (N=69) report 15% 

and 22%, respectively.3,6 A randomized control trial (RCT) by Dehghan et al. (2021, N=58) reported 

no difference in post-operative ulnar neuropathy scores between the two groups.10  

Ulnar neuritis is a subjective outcome that often resolves over time. Transient ulnar 

neuropathy may result from injury or surgery but does not necessarily reflect long-term health of the 

nerve. By contrast, revision nerve surgery reflects a clinically meaningful level of severity and may be 

an important objective outcome to guide surgical decision-making. However, there is limited 

information on the risk of reoperation for ulnar neuropathy after distal humerus ORIF or the 

potential effect of ulnar nerve transposition on this outcome. In Dehghan et al., there were no 

reoperations related to the ulnar nerve, while two retrospective studies have reported incidences of 

6% (N=6/107) within 6 months of ORIF and 3% (N=3/93) among patients with ≥6 months of 

follow-up.6,7  
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Using a large cohort of distal humerus fractures treated with medial plate fixation at a single 

institution encompassing two tertiary care centers, we describe the epidemiology of reoperation for 

ulnar neuropathy and emulate a “target trial”11,12 to estimate the effect of anterior transposition of 

the ulnar nerve versus in situ ulnar nerve release during distal humerus ORIF on the 2-year risk of 

reoperation for ulnar neuropathy.  

 

2.3 METHODS 

2.3.1 Study cohort 

We identified a retrospective cohort of patients who underwent ORIF for distal humerus fracture at 

one of five hospitals within the Mass General Brigham (MGB) system in Boston, MA, USA. Patients 

were identified using the Research Patient Data Registry system, which includes all relevant 

orthopedic encounters in the MGB System, using Current Procedural Technology (CPT®) codes for 

ORIF of humeral fractures (CPT® 24545, 24546, 24575, 24579). The use of these data for research 

was approved by the MGB Institutional Review Board, which waived the need for informed 

consent.   

 

2.3.2 Data collection 

Eligibility criteria were verified and treatment, outcome, and baseline characteristics were collected 

for eligible patients by medical record review using REDCap electronic data capture tools hosted at 

MGB.13,14 To ensure accuracy, all variables were extracted independently by two researchers and a 

third researcher consolidated differences. AO/Orthopedic Trauma Association (OTA) fracture type 

classification and plating type were determined by review of pre- and post-operative radiographs 

and/or CT scans. High-energy trauma mechanism was defined as a fracture resulting from a motor 

vehicle accident, fall from height ≥ 10 feet, or gunshot. Polytrauma was defined as a concurrent 
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fracture and/or dislocation in any location, and ipsilateral upper extremity polytrauma was defined 

as a concurrent fracture and/or dislocation on the ipsilateral upper extremity or cervical spine. 

Senior surgeon type was defined as orthopedic trauma or hand surgeon according to the subspecialty 

of the senior-most surgeon on the case. If a surgeon was dual-trained or the case involved two 

senior surgeon types (N=5), the senior surgeon classification was hand surgery since the hand 

surgeons often performed the nerve manipulation. Years of senior surgeon experience was 

calculated as the year of residency completion subtracted from the year of ORIF.  

 

2.3.3 Eligibility criteria 

Open or closed distal humerus fracture treated with open reduction and medial plate fixation 

between January 1, 1998 and December 31, 2019, age ≥ 18 years of age at time of ORIF, no prior 

ipsilateral elbow fracture or surgery, no prior ulnar nerve surgery, no pathologic fracture, no partial 

or total elbow arthroplasties, and no Gustilo-Anderson type III open fractures. We excluded type III 

fractures because nerve transposition in these cases is often necessitated due to soft tissue injury. 

Five patients with open fractures of indeterminable grade were included after a board-certified hand 

surgeon determined that grade I or II was most likely. Seven patients with prior cervical spine 

injuries or radiculopathies were included because in all cases the ulnar nerve distribution was 

unaffected.  

 

2.3.4 Treatment groups 

The treatment groups to be compared were (1) subcutaneous anterior ulnar nerve transposition and 

(2) in situ ulnar nerve release, both at time of distal humerus ORIF. We assumed patients in each 

treatment group were exchangeable at baseline with respect to the outcome conditional on the 

following covariates (𝐿!"""): AO/OTA type C fracture, open fracture, pre-operative ulnar neuropathy, 
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senior surgeon type, high-energy trauma, and age at operation. These covariates were chosen a priori 

based on expert opinion about factors that could be associated with both a surgeon’s decision to 

transpose the ulnar nerve and with revision nerve surgery (Figure 2.1).  

 

 

 

 
Figure 2.1. Directed acyclic graph (DAG) showing the association between the vector of baseline 
confounders, 𝐿"!, transposition of the ulnar nerve, 𝐴, censorship, 𝐶, reoperation for ulnar 
neuropathy within 2 years of ORIF, 𝑌,	and the vector of common causes of censorship and 
reoperation for ulnar neuropathy,	𝐿"". To estimate the average causal effect of 𝐴 on 𝑌 had no-one 
been censored, we used inverse probability weights for treatment including 𝐿"!	and for censorship 
including 𝐴 and 𝐿"". This estimation assumes exchangeability with respect to Y for those with and 
without transposition conditional on 𝐿"!, and for the censored and uncensored conditional on 𝐿"". 
However, in the presence of unmeasured common causes of 𝐴 and 𝑌 (𝑈!) and of 𝐶 and 𝑌 (𝑈"), the 
effect estimate will be biased.  

 

2.3.5 Outcomes 

The primary outcome of interest was reoperation within 2 years of ORIF where at least one of the 

indications was ulnar neuropathy or dysfunction, defined as documentation of subjective symptoms 

and/or objective weakness/dysfunction in the ulnar nerve distribution. Patients who were 

𝐶	𝐴	 𝑌	𝐿&!	

𝐿&"	 𝑈"	

𝑈!	
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discharged from follow-up in the setting of a healing fracture and no complications were classified 

as not having had the outcome of interest.  

Secondary outcomes of interest included time from ORIF to reoperation for ulnar 

neuropathy, type of revision surgery performed, and documented post-operative ulnar neuropathy 

within 30 days of ORIF.  

 

2.3.6 Follow-up 

Baseline was defined as the day of ORIF. Each patient was followed from baseline until the first of 

the following events: the date of first reoperation for ulnar neuropathy, loss to follow-up (defined as 

no visit note with any provider at MGB or hospitals with linked medical records before 2 years of 

follow-up or experiencing the outcome), death, or 2 years after surgery. Patients censored due to 

loss to follow-up or death and uncensored patients were assumed to be exchangeable with respect to 

the outcome conditional on treatment group and the following baseline covariates (𝐿""): AO/OTA 

type C fracture, white race, high-energy trauma mechanism, polytrauma, pre-operative ulnar 

neuropathy, open fracture, age at operation, and white race (Figure 2.1). White race was chosen 

because of evidence of racial disparities in access to care and complication risk in orthopedics.15 

 

2.3.7 Causal contrast  

The observational analog of the per protocol effect of ulnar nerve transposition versus in situ release 

on the risk of reoperation for ulnar neuropathy within 2 years of ORIF, hereafter referred to as the 

“adjusted” estimate. 

 

 

 



 31 

2.3.8 Statistical analysis 

Stabilized inverse probability weights were used to adjust for baseline confounding by common 

causes of treatment and the outcome (𝐿"!) and for selection bias that might occur when censorship 

depends on treatment and shares common causes with the outcome (𝐿"").16 Weights were truncated 

at the 99th percentile to prevent outliers from affecting the analysis. To estimate the effect, we fit a 

weighted, pooled logistic regression model with a product term between treatment and follow-up 

time (in weeks, modeled flexibly with natural splines and 5 knots).17  The predicted hazards from this 

model were used to estimate 2-year reoperation-free survival, absolute cumulative risk, and 

cumulative risk plots for reoperation for ulnar neuropathy in each group. Effect estimates were then 

calculated as adjusted risk differences (RD) and risk ratios (RR). Percentile-based 95% confidence 

intervals were estimated using nonparametric bootstrapping with 1000 samples. V-stabilized weights 

were used to estimate the effect in subgroups of the population defined at baseline according to age 

(<60 years and ≥ 60 years) and AO/OTA type C fracture. Further details on inverse probability 

weighting and pooled logistic regression models are available in the Appendix (Section B.3).   

Two sensitivity analyses were performed. First, to assess the strength of confounding by pre-

operative ulnar neuropathy, we estimated the effect after excluding pre-operative ulnar neuropathy 

from the weights. Second, to understand the potential impact of confounding by surgeon 

experience, we estimated the effect including years of surgeon experience in the treatment weights.  

Data analysis was performed using R 2021.09.0 (R Foundation for Statistical Computing, 

Vienna, Austria).  

 

2.4 RESULTS 

2.4.1 Study cohort 

The final cohort consisted of 463 patients (Figure 2.2).  
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Figure 2.2. Flowchart for selection of eligible individuals into the cohort (1998-2019).   

 

The mean age at ORIF was 55 years (standard deviation, SD = 22 years) and median time 

from injury to operation was 2 days (interquartile range, IQR: 1, 4 days), with 86.2% (N=399) 

operated on within one week of injury (Table 2.1). A high-energy trauma mechanism accounted for 

21.1% of fractures (N=98), 21.0% (N=97) were open fractures, and 72.6% (N=336) were 

AO/OTA type C fractures. There were 48 different senior surgeons (34 in each treatment group) 

with a median of 15 years of experience (IQR: 6, 24 years). A hand surgeon was involved in 29.2% 

of cases (N=135/463).  

23 (12%) reoperations 
for ulnar neuropathy 

within 2 years of  
ORIF 

247 with anterior ulnar 
nerve transposition 

216 with in situ 
placement of  ulnar nerve 

48 (23%) incomplete 
follow-up 

772 individuals ≥18 
years old with code for 
distal humerus ORIF 
between 1998-2019 

Inaccurate code/no plate 
fixation (149) 
Prior ipsilateral elbow fracture 
or surgery (17) 
Pathologic fracture (29) 
Partial or total elbow 
arthroplasty (6) 
Type III open fracture (29) 
No medial plate (71) 
Iatrogenic ulnar nerve 
laceration (1)  
No medical records available 
to verify eligibility (7)  

463 eligible individuals 

54 (22%) incomplete 
follow-up 

19 (11%) reoperations 
for ulnar neuropathy 

within 2 years of  
ORIF 
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Table 2.1. Baseline, injury, and operative characteristics of the cohort (N=463) stratified by 
treatment of the ulnar nerve during ORIF for distal humerus fracture: transposition versus in situ 
management. Percentages are of column totals.  
 
Characteristic N Overall 

(N=463)1 
In situ group 
(N=216)1  

Transposition 
group (N=247)1 

Baseline characteristics 
Age at index ORIF (years)2 463 55 (22) 57 (21) 54 (22) 
Sex 463    
Female  292 (63%) 130 (60%) 162 (66%) 
Male  171 (37%) 86 (40%) 85 (34%) 

Race 463    
Non-white  71 (15%) 42 (19%) 29 (12%) 
White  392 (85%) 174 (81%) 218 (88%) 

Tobacco Use (Current) 407 78 (19%) 41 (20%) 37 (18%) 
Type II Diabetes 463 61 (13%) 26 (12%) 35 (14%) 
Inflammatory arthritis 463 6 (1.3%) 2 (0.9%) 4 (1.6%) 
Prior cervical spine injury 463 7 (1.5%) 5 (2.3%) 2 (0.8%) 

Injury Characteristics 
Polytrauma 463 142 (31%) 64 (30%) 78 (32%) 
Ipsilateral Upper Extremity 
or Cervical Spine 
Polytrauma 

463 88 (19%) 39 (18%) 49 (20%) 

Open Fracture 463 97 (21%) 50 (23%) 47 (19%) 
High-Energy Trauma 463 98 (21%) 50 (23%) 48 (19%) 
Dominant Hand Affected 326 144 (44%) 72 (42%) 72 (46%) 
Pre-Operative Ulnar 
Neuropathy 

448 29 (6.5%) 17 (8.0%) 12 (5.1%) 

AO/OTA Fracture Type 463    
Type A  99 (21%) 44 (20%) 55 (22%) 
Type B  28 (6.0%) 10 (4.6%) 18 (7.3%) 
Type C  336 (73%) 162 (75%) 174 (70%) 

Operative Characteristics  
Time from injury to index 
ORIF (days)3 

463 2 (1, 4) 2 (1, 3) 2 (1, 5)  

External fixation before 
ORIF 

463 8 (1.7%) 1 (0.5%) 7 (2.8%) 

Olecranon osteotomy 463 288 (62%) 120 (56%) 168 (68%) 
Plating Type 463    

2 Plates 180  102 (22%) 41 (19%) 61 (25%) 
2 Plates 90/90  321 (69%) 157 (73%) 164 (66%) 
3 Plates  13 (2.8%) 6 (2.8%) 7 (2.8%) 
Single medial plate  27 (5.8%) 12 (5.6%) 15 (6.1%) 

Type of Senior Surgeon 463    
Hand Surgery  135 (29%) 42 (19%) 93 (38%) 
Orthopedic Trauma  328 (71%) 174 (81%) 154 (62%) 

     



 34 

Table 2.1 (Continued) 
 

    

Senior Surgeon Years of 
Experience3 

463 15 (6, 24) 16 (4, 23) 15 (7, 24) 

Operation within 7 days of 
Injury 

463 399 (86%) 191 (88%) 208 (84%) 

1 n (%) 
2 Mean (standard deviation, SD) 
3 Median (interquartile range (IQR)) 

 

103 of 463 (22.2%) patients were censored before 2 years of follow-up. There was no 

association between censorship and treatment. Patients of non-white race, with a low-energy trauma 

mechanism, and without pre-operative ulnar neuropathy were slightly more likely to be censored; 

otherwise, the censored and uncensored were comparable at baseline (Appendix Table B.1.1).  

 

2.4.2 Treatment groups 

The prevalence of ulnar nerve transposition was 53.3% (N=247). Median follow-up time (through 

time of reoperation, censorship, or maximum 2 years) in the transposition group was 18.2 months 

(interquartile range, IQR: 8.6, 24 months) and in the in situ group was 18.3 months (IQR: 8.9, 24 

months). The prevalence of transposition was slightly higher among fracture fixations requiring an 

olecranon osteotomy (N=168/288, 58.3% versus N=79/175, 45.1%) and those managed by hand 

surgeons (N=93/135, 68.9% versus N=154/328, 47.0%). 

 

2.4.3 Outcomes 

The crude 2-year risk of reoperation for ulnar neuropathy was 11.7% (N=42/360, 95% CI=8.4%, 

15.0%). The median time from ORIF to reoperation for ulnar neuropathy was 6.8 months (IQR = 

5.0, 8.4 months). The risk of reoperation for ulnar neuropathy was higher among patients with 

documented pre-operative ulnar neuropathy (6/25, 24.0% versus 33/320, 10.3%), AO/OTA type C 
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fractures (38/266, 14.3% versus 4/94, 4.3%), and patients of non-white race (13/48, 27% versus 

29/312, 9.3%) (Table 2.1).  

 

Table 2.2. Baseline, injury, and operative characteristics of the uncensored cohort (N=360) 
stratified by reoperation for ulnar neuropathy within 2 years of distal humerus fracture ORIF.   
 
Characteristic N Overall  

(% of total N)1 
Reoperation for ulnar neuropathy 

(% of row) 
No (N=318) Yes (N=42) 

Baseline characteristics 
Age at Operation (years)2 360 55 (21) 56 (21) 51 (17) 
Sex 360    
Female  222 (62%) 198 (89%) 24 (11%) 
Male  138 (38%) 120 (87%) 18 (13%) 

Race 360    
Non-white  48 (13%) 35 (73%) 13 (27%) 
White  312 (87%) 283 (91%) 29 (9.3%) 

Tobacco Use (Current) 325 59 (18%) 50 (85%) 9 (15%) 
Type II Diabetes 360 49 (14%) 42 (86%) 7 (14%) 
Inflammatory arthritis 360 6 (1.7%) 5 (83%) 1 (17%) 
Prior cervical spine injury 360 7 (1.9%) 5 (71%) 2 (29%) 

Injury Characteristics 
Polytrauma 360 108 (30%) 91 (84%) 17 (16%) 
Ipsilateral Upper Extremity 
or Cervical Spine 
Polytrauma 

360 66 (18%) 56 (85%) 10 (15%) 

Open Fracture 360 72 (20%) 63 (88%) 9 (12%) 
High-Energy Trauma  360 82 (23%) 72 (88%) 10 (12%) 
Dominant Hand Affected 263 114 (43%) 100 (88%) 14 (12%) 
Pre-Operative Ulnar 
Neuropathy 

346 25 (7.2%) 19 (76%) 6 (24%) 

AO/OTA Fracture Type 360    
Type A  73 (20%) 70 (96%) 3 (4.1%) 
Type B  21 (5.8%) 20 (95%) 1 (4.8%) 
Type C  266 (74%) 228 / 318 (86%) 38 / 42 (14%) 

Operative Characteristics  
Time from injury to index 
ORIF (days)2 

360 2 (1, 4) 2 (1, 5)  2 (1, 4)  

Ulnar nerve transposition 360 194 (54%) 170 (88%) 23 (12%) 
External fixation before 
ORIF 

360 6 (1.7%) 5 (83%) 1 (17%) 

Olecranon osteotomy 360 224 (62%) 196 (88%) 28 (12%) 
Plating Type 360    

2 Plates 180  75 (21%) 67 (89%) 8 (11%) 



 36 

Table 2.2 (Continued) 
 

    

2 Plates 90/90  252 (70%) 222 (88%) 30 (12%) 
3 Plates  10 (2.8%) 9 (90%) 1 (10%) 
Single medial plate  23 (6.4%) 20 (87%) 3 (13%) 

Type of Senior Surgeon 360    
Hand Surgery  103 (29%) 93 (90%) 10 (10%) 
Orthopedic Trauma  257 (71%) 225 (88%) 32 (12%) 

Senior Surgeon Years of 
Experience3 

360 16 (7, 24) 16 (7, 24) 17 (3, 24) 

Operation within 7 days of 
Injury 

360 305 (85%) 268 (88%) 37 (12%) 

1 n (%) 
2 Mean (standard deviation, SD) 
3 Median (interquartile range (IQR)) 

 

In total, 67% (N=28/42) of revision surgeries involved transposition or revision 

transposition of the ulnar nerve (Appendix Figure B.2.1). Four patients had additional reoperations 

for ulnar neuropathy within 2 years, all of which were nerve transpositions. 

Among the 407 patients with a post-operative evaluation within 30 days of ORIF, 100 

(24.6%) had documented post-operative ulnar neuropathy. Among those with complete follow-up 

(N=340), the 2-year risk of reoperation for ulnar neuropathy was higher among those with 

documented post-operative ulnar neuropathy (N=21/82, 25.6% versus N=18/258, 7.0%). 

 

2.4.4 Effect Estimates 

The crude 2-year risk of reoperation for ulnar neuropathy among those with ulnar nerve 

transposition was 11.9% (95% CI: 7.3%, 16.4%) and among those with in situ release was 11.4% 

(95% CI: 6.6%, 16.3%), RD=0.5% (95% CI: -6.1%, 7.1%) (Table 2.3, Figure 2.3). After adjusting for 

potential confounding and selection bias, the estimated 2-year risk of reoperation for the 

transposition group was 11.9% (95% CI: 4.9%, 13.6%) and for the in situ group was 11.3% (95% CI: 

4.9%, 13.6%), RD=0.7% (95% CI: -6.0%, 6.1%). Assuming no unmeasured or residual confounding 
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or selection bias, this estimate can be interpreted as the difference in the 2-year risk of reoperation 

for ulnar neuropathy had all patients received ulnar nerve transposition compared with had all 

patients received in situ release, had no patients been censored. 

 

Table 2.3. Estimated risk of reoperation for ulnar neuropathy within 2 years comparing 
transposition to in situ management of the ulnar nerve during distal humerus ORIF. Subgroup 
analyses for age and AO/OTA Type C fracture are presented as conditional risk and effect 
estimates.  
 
Effect 
estimate 

Transposition 
(95% CI)1 

In situ 
management 
(95% CI)1 
 

Risk difference 
(95% CI)1 

Risk ratio  
(95% CI) 1 

Crude   

Overall 11.9% 
(7.3%,16.4%)) 

11.4%  
(6.6%, 16.3%) 

0.5%  
(-6.1%, 7.1%)  

1.04  
(0.59, 1.85) 
 

Observation analog of per protocol effect   

Overall 11.9%  
(7.3%, 16.5%)  

11.3%  
(6.8%, 16.7%)  

0.7%  
(-6.3%, 7.1%) 

1.06  
(0.57, 1.93) 
 

Age at ORIF > 
60 years 

11.2%  
(4.8%, 18.1%)  

8.5%  
(2.4%, 16.3%)  

2.6%  
(-6.7%, 11.8%)  

1.30  
(0.47, 5.07) 
 

Age at ORIF ≤ 
60 years 

11.5%  
(4.9%, 18.5%)  

14.3%  
(7.1%, 22.2%) 

-2.8%  
(-13.3%, 7.4%) 

0.80  
(0.32, 1.81) 
 

Type C 
fractures 

14.4%  
(8.6%, 20.3%)  

14.8%  
(8.5%, 21.4%)  

-0.3%  
(-9.4%, 8.5%)  

0.98  
(0.50, 1.92) 
 

1 CI = confidence interval 
2 Adjusted using inverse probability weights for treatment and censorship  
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Figure 2.3. Adjusted cumulative risk curves comparing transposition versus in situ release of the 
ulnar nerve during distal humerus ORIF for the risk of reoperation for ulnar neuropathy. Curves 
show the cumulative risk after applying inverse probability weights for treatment and censorship, as 
described in the text. 

 

2.4.5 Subgroup analyses 

The 95% confidence intervals for all subgroup analyses overlapped with the null (Figure 2.5). 

However, among younger patients (≤60 years) and AO/OTA type C fractures, transposition of the 

ulnar nerve may confer a slightly lower 2-year risk of revision nerve surgery than for all patients, 

while among older patients (>60 years), transposition may confer a slightly higher risk of revision 

nerve surgery (Table 2.3).  
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* Weighted for potential confounding by 𝐿"!and potential selection bias by 𝐿"" 
† Sensitivity analysis 1 excludes pre-operative ulnar neuropathy from 𝐿"! and 𝐿"" in weights   
‡ Sensitivity analysis 2 includes years of senior surgeon experience in 𝐿"! for treatment weights   

Figure 2.4 Forest plot showing the differences in the risk of reoperation for ulnar neuropathy 
within 2 years of ORIF comparing ulnar nerve transposition to in situ management for the primary 
analysis, sensitivity analyses, and subgroup analyses. 

 

2.4.6 Sensitivity analyses 

Overall, the effect estimate was robust to sensitivity analyses to assess for the impact of potential 

confounding by pre-operative ulnar neuropathy and by surgeon experience (Figure 2.5, Appendix 

Table A.1.2).  
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2.5 DISCUSSION  

To our knowledge, this is the first study to date that has attempted to describe the epidemiology of 

reoperation for ulnar neuropathy after distal humerus ORIF and to assess the effect of ulnar nerve 

transposition on this outcome. We estimate that approximately one in ten patients with distal 

humerus fracture treated by ORIF with plate fixation have a reoperation for ulnar neuropathy within 

2 years of ORIF. The overall null results for the effect of ulnar nerve transposition are compatible 

with two possible interpretations.  

The first interpretation is that transposition has no effect on average on the 2-year risk of 

reoperation for ulnar neuropathy. This conclusion is supported by the fact that the adjusted and 

crude effect estimates were very similar, suggesting minimal confounding or selection bias by 

measured covariates, and by the fact that the estimate was robust to sensitivity analyses. This 

interpretation is also compatible with the Dehghan et al. RCT, which reported no effect of ulnar 

nerve transposition during distal humerus ORIF on post-operative ulnar neuropathy.10 Finally, a 

meta-analysis of studies comparing transposition with in situ decompression among patients with 

idiopathic cubital tunnel syndrome also reported no difference in the odds of revision surgery.18 

A second possibility is that our effect estimate is biased due to unmeasured confounding by 

the position of the ulnar nerve relative to the medial plate, residual confounding by pre-operative 

ulnar neuropathy, or both. Some surgeons may transpose the nerve if it is in contact with the plate at 

the conclusion of surgery, with the rationale that leaving it in situ could increase the risk of post-

operative nerve complications. However, surgeons who do not make transposition decisions based 

on position of the nerve relative to plate often do not describe its position in operative notes, 

complicating retrospective measurement. Additionally, in the trauma setting, pre-operative ulnar 

nerve symptoms may not be discussed and recorded. Thus, there may be residual confounding by 
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pre-operative ulnar neuropathy due to differential misclassification of some symptomatic individuals 

as asymptomatic. 

We would expect the direction of bias due to both nerve position relative to plate and pre-

operative ulnar neuropathy to be in the positive direction because of their positive associations with 

both exposure and outcome. Therefore, an unbiased effect estimate would likely be more negative 

than what was observed (0.7%), possibly below zero and suggesting a protective effect of 

transposition. This reasoning is supported by a sensitivity analysis where the estimated RD increased 

from 0.7% to 0.9% after removing adjustment for documented pre-operative ulnar neuropathy.  

Finally, it is possible that some surgeons make technical errors during transposition that 

increase the risk of nerve compression and reoperation, such as failing to release the arcade of 

Struthers or intermuscular septum.19,20 Nerve compression resulting from these errors could increase 

the risk of reoperation in the transposition group above what might be expected had proximal 

compression points been released in all patients.  

Based on these results and anticipated impact of bias, we feel confident that on average, 

ulnar nerve transposition during distal humerus ORIF is likely not harmful with respect to the 2-year 

risk of reoperation for ulnar neuropathy. However, under both interpretations (null vs. protective 

effect of transposition), the effect may differ within levels of measured or unmeasured variables. In 

subgroup analyses, the effect of ulnar nerve transposition varied slightly by age and AO/OTA 

fracture type. We additionally hypothesize that there may be effect modification by nerve position 

relative to the medial plate. For example, transposition may be beneficial (RD<0) for patients whose 

ulnar nerve is contact with the medial plate, and either less beneficial (if the true average RD is <0) 

or harmful (RD>0) for other patients. Presence of effect modification could also explain the 

discrepant results observed in observational studies of the effect of transposition on ulnar 
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neuropathy. We would expect to observe different average treatment effects in populations with 

different distributions of effect modifiers.  

Strengths of this study include the large sample size; description of an objective outcome; 

application of a rigorous causal framework to minimize bias in an observational design (a “target 

trial” framework, as has been described previously)11; and a study population and exposure definition 

reflecting real-world clinical settings. However, there were several limitations. First, how the nerve 

was manipulated varied within each treatment group, including possible technical errors during 

transposition. A future RCT could specify more granular treatment strategies, particularly release of 

the intermuscular septum during transposition. Second, the heterogeneity of senior surgeons could 

introduce bias if certain surgeons were more or less likely to transpose the nerve and had better or 

worse average outcomes. We attempted to mitigate this by adjusting for confounding by surgeon 

specialty, and a sensitivity analysis including years of surgeon experience had no impact on the effect 

estimate. Moreover, including a broad range of patients operated on by a variety of surgeons 

increases the generalizability of our results.  

In conclusion, transposition of the ulnar nerve during distal humerus ORIF likely has either 

no effect or may be protective with respect to the risk of reoperation for ulnar neuropathy within 2 

years. A future RCT where septum release is standardized and nerve position relative to the medial 

plate is recorded could help elucidate whether there is a protective effect of transposition in 

subgroups of patients.     
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3.1 ABSTRACT 

The 2020 MAVRIC trial found a strong protective effect of transabdominal cerclage (TAC) relative 

to transvaginal cerclage (TVC) for the prevention of spontaneous delivery (preterm birth or late 

miscarriage) before 32 weeks. Women included in the trial had history of a failed TVC and an 

average of 2.8 prior spontaneous deliveries <28 weeks. Since MAVRIC, some clinicians have 

questioned whether TAC should be offered to patients with fewer risk factors for recurrent 

spontaneous preterm birth. To attempt to answer this, we emulated a target trial to estimate the 

effect of TAC relative to TVC on preterm delivery before 34 weeks among patients with ≥1 prior 

spontaneous preterm deliveries with or without history of a failed TVC.  

We identified a retrospective cohort of adult singleton pregnancies who received history-

indicated cerclage at a tertiary care center in the United States. We included all eligible patients who 

received TAC and a random sample of eligible patients who received TVC. We performed causal 

survival analysis for the outcome of preterm delivery before 34 weeks with inverse probability 

weights to adjust for confounding and censorship due to loss to follow-up. Effects were estimated 

as risk difference (RD), risk ratio (RR), and 95% confidence intervals (CI).  

There were 195 patients eligible for inclusion, 91 who received TAC and 104 who received 

TVC. Overall, 42% of the cohort had a history of a failed TVC and the average number of prior 

spontaneous deliveries before 34 weeks was 1.5 ± 0.7. Preterm delivery before 34 weeks occurred in 

13.2% of pregnancies. After adjusting for confounding, the weighted risk of preterm delivery before 

34 weeks was 6.0% for TAC (95% CI: 2.5%, 10.1%) and 19.1% for TVC (95% CI: 7.5%, 30.7%), 

RD = -13.5% (95% CI: -24.8%, -0.1%), RR = 0.31 (95% CI: 0.12, 0.99). This estimate was robust to 

several sensitivity analyses.  

In an obstetric patient population at lower risk for early preterm birth than that of the 

MAVRIC trial, TAC was strongly protective for preterm delivery before 34 weeks compared with 
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TVC. These results must be considered against the risks of Cesarean section for determining 

whether guidelines for TAC placement should be broadened to include lower-risk women.     

 

3.2 INTRODUCTION  

Preterm birth, defined as delivery before 37 weeks of gestation, occurs in an estimated 10 percent of 

live births in the United States.1 While early preterm birth (occurring before 34 weeks) accounts for 

just 3% of live births, these infants experience a disproportionate amount of prematurity-related 

complications.2  Approximately 70% of preterm births occur spontaneously (sPTB); risk factors for 

sPTB include history of previous preterm birth, smoking, non-Hispanic black race, low maternal 

body mass index, short cervical length, and multiple gestation pregnancy.3 Among women who 

experience sPTB, the risk of recurrence in a subsequent pregnancy is estimated to be 30%4 and may 

be higher among women with additional risk factors.  

Cervical cerclage is a surgical procedure whereby sutures, wires, or synthetic tape are used to 

reinforce the cervix to prevent sPTB. Cerclage placement can be performed via either a transvaginal 

or transabdominal approach; the transvaginal approach (TVC) is typically first-line in women 

without a history of prior failed cerclage. There are three main indications for TVC placement in 

singleton gestations: history of prior sPTB or second trimester loss (history-indicated), cervical 

length <25 mm before 24 weeks of gestation in women with prior sPTB (ultrasound-indicated), and 

cervical dilation on manual or physical examination before 24 weeks of gestation (physical 

examination-indicated).5 A 2017 Cochrane meta-analysis of 3 randomized control trials (RCTs) 

suggests that compared with no intervention, history-indicated TVC may be associated with a 

modest reduced risk of sPTB before 34 weeks (average RR = 0.76, 95% CI 0.40-1.46).6 

In the transabdominal approach, a suture is placed at the cervicoisthmic junction via either 

laparoscopy or open laparotomy. It is usually placed preconceptionally but may also be placed early 
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in the first trimester. Because patients with a TAC in place must be delivered by Cesarean section, 

thereby having two abdominal surgeries in a relatively short time frame, TAC is considered to have 

higher morbidity than TVC.7 For this reason, TAC has historically been reserved for women who 

have either failed a prior history- or ultrasound-indicated TVC (i.e., experienced sPTB or late 

miscarriage with a TVC in situ) or who are unable to have a cerclage placed transvaginally due to 

absent or short cervix, cervical scarring, or other cervical defects.8,9  

Observational studies have suggested a protective effect of TAC compared with TVC for 

sPTB among women with prior failed TVC.10-12 The first and only RCT comparing the two was 

published in March 2020: the UK-based multicenter MAVRIC trial (N=111), conducted among 

women with prior spontaneous late miscarriage or preterm birth between 14 and 28 weeks with a 

TVC in situ (mean number of prior sPTBs or miscarriages <28 weeks = 2.8 ± 1.1), found an RR of 

0.23 (95% CI: 0.07-0.76) for the association between TAC (N=39) and sPTB <32 weeks of 

gestation when compared with low TVC (N=33), and 0.20 (95% CI: 0.06-0.64) when compared with 

high TVC (N=39).13 The MAVRIC trial highlights difficulties in randomization of an uncommon 

elective surgical intervention involving pregnant women, particularly in the setting of strong patient 

and surgeon preferences. The trial took trial took 6 years to complete, 22 randomized women (17%) 

did not conceive, and 8 women (7%) crossed over from their assigned intervention group. 

Additionally, the patients and clinicians who consented to participate in this trial may not be 

representative of an average clinical population of patients who are eligible for TAC.  

Since the publication of MAVRIC, some physicians have advocated for offering TAC to a 

broader range of women with histories of sPTB or late miscarriage. Although TAC is a more 

invasive procedure and requires Cesarean delivery, the wide adoption of the laparoscopic approach 

has reduced the invasiveness of the procedure, and risks may be offset by the benefits of fewer failed 

pregnancies and fewer premature infants requiring intensive neonatal care.14 In practice, TAC is 
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sometimes offered to women who do not have a history of a prior failed TVC and who may have 

fewer risk factors for sPTB compared with the trial population in MAVRIC, where participants had 

an average of 2.8 ± 1.1 prior spontaneous deliveries (sPTB or miscarriage) <28 weeks, 95% had ≥ 2 

prior second trimester miscarriages, and 100% had ≥  1prior failed TVC. However, it is not clear 

whether the strong effect sizes observed in MAVRIC are generalizable to a lower-risk population of 

women.  

The purpose of this study was to emulate a “target trial”15 to estimate the effect of TAC 

compared with TVC on the risk of preterm delivery before 34 weeks of gestation, among women 

with a history of ≥ 1 spontaneous delivery before 34 weeks with or without a history of prior failed 

TVC. Additionally, as MAVRIC has already demonstrated convincing evidence for the superiority of 

TAC in very high-risk populations of women, in a future trial it may be considered unethical to 

randomize these high-risk women to TVC. Thus, as a sensitivity analysis, we emulated a trial to 

estimate the population effect of more flexible treatment strategies whereby patients are stratified 

into risk levels before randomization.  

 

3.3 METHODS 

3.3.1 Study cohort 

We identified two retrospective cohorts of singleton pregnancies who received history-indicated 

cerclage at the Brigham and Women’s Hospital or Massachusetts General Hospital in Boston, MA 

between January 1, 2001 and February 28, 2021. Patients were identified within the Research Patient 

Data Registry system using Current Procedural Technology (CPT®) and International Classification 

of Diseases (ICD) codes (Appendix C.1). All patients with a code for TAC and a sample of patients 

with a code for TVC identified by inclusion in an existing dataset (Lifecodes, which has been 
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described elsewhere16,17 and can be considered a random sample of high-risk obstetric patients at the 

BWH) were considered for inclusion. The use of these data for research was approved by the Mass 

General Brigham (MGB) Institutional Review Board.  

 Eligibility criteria as well as treatment, outcome, and baseline characteristics were collected 

for eligible patients by medical record review using REDCap electronic data capture tools hosted at 

MGB.18,19   

 

3.3.2 Eligibility criteria 

Patients were eligible if they were ≥ 18 years old at the time of cerclage placement, had a history of 

≥ 1 prior spontaneous delivery between 14 and 34 weeks of pregnancy, and had no history of 

trachelectomy or Mullerian anomaly. We included the first pregnancy for which patients met 

eligibility criteria.   

One challenge in emulating this hypothetical trial is that while in the target trial women 

would be randomized before conception, in our emulated trial we could only observe eligibility and 

assigned strategy at the time of cerclage placement, which ranged from preconception to 15.9 weeks. 

Women who did not conceive or stay pregnant long enough to have a cerclage placed due to early 

miscarriage were not observed (Figure 3.1). This could be equivalent to a per-protocol analysis of 

the target trial. Moreover, while baseline in the emulation was defined as the time of cerclage 

placement, in the analysis we conditioned on pregnancy survival to 16.0 weeks of gestation. This 

would be equivalent to conditioning the target trial analytic sample to those surviving 16 weeks (as 

was done in MAVRIC at 14 weeks). The conditional effect estimate among women who survived 

pregnancy to 16.0 weeks will be unbiased under the assumption of no direct effect of treatment on 

conception or miscarriage before 16.0 weeks and no unmeasured common causes of treatment and 

conception or early miscarriage (Figure 3.2). The assumption of no direct effect is supported by both 
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expert opinion and data from the MAVRIC trial: in MAVRIC, 54% of participants were randomly 

assigned to treatment pre-conceptionally, and conception and early miscarriage proportions among 

these patients were comparable across treatment groups despite some TACs being placed post-

conception. We additionally adjusted for use of assisted reproductive technology (ART) in the index 

pregnancy and insurance status (as a proxy for income), as these may be common causes of 

pregnancy planning or access to pre-conception care and conception or early miscarriage. As there is 

a theoretical concern for TAC placed after conception to affect first-trimester miscarriage, we 

performed a sensitivity analysis excluding TACs placed during pregnancy. 

 

 

Figure 3.1. Study design for a subset of 8 hypothetical patients from the target trial for the effect of 
transabdominal cerclage, TAC, versus transvaginal cerclage, TVC, on the risk of preterm delivery 
before 34 weeks. X-axis is gestational age in weeks. In the target trial, patients are randomly assigned 
pre-conception at time 0 (𝑇#) to receive TAC either pre-conceptionally (patients 1-3) or before 16 
weeks of gestation (patient 4), or to receive TVC placement before 16 weeks (patients 5-8). We 
follow patients from 𝑇# through their outcome (failure to conceive, miscarriage, delivery, or 
pregnancy survival to 34 weeks). Some patients either do not conceive (patients 2 and 8) or have a 
miscarriage before the time when they would have had a cerclage placed (patients 4 and 5). In the  
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Figure 3.1 (Continued)  
 
target trial, we would observe the outcomes of all 8 women and could account for any potential 
effect of cerclage type on 1) fertility and 2) miscarriage before 16 weeks. In the emulation, we can 
observe conception and early miscarriage for all TAC patients with pre-conception placement but 
cannot observe them for patients who failed to conceive or had a miscarriage before the time when 
they would have had a cerclage placed during pregnancy (patients 4, 5, and 8).  
 
 
 
 
 

 

 

 

 

Figure 3.2. Single world intervention graph (SWIG) showing the association between the vector of 
baseline confounders, 𝐿"$, observed treatment level (TAC vs. TVC), 𝐴, counterfactual treatment 
level, 𝑎,	pregnancy survival through 16.0 weeks of gestation, 𝑃, censorship due to loss to follow-up, 
𝐶, iatrogenic delivery before 34 weeks of gestation, 𝐷, and counterfactual spontaneous preterm 
delivery before 34 weeks under a given treatment strategy, 𝑌% . We assumed that treatment does not 
directly affect pregnancy survival to 16.0 weeks. 𝑈& represents unmeasured common causes of 𝑃 
and 𝑌. For simplicity, potential unmeasured common causes of other variables are not shown. 
Deterministic associations are represented by bold arrows.  

 

3.3.3 Treatment groups 

(1) TAC placed via laparoscopy or open laparotomy (surgical technique has been described 

elsewhere)20 either before conception or during pregnancy before 16.0 weeks of gestation in the 

absence of cervical changes detected by manual or ultrasonographic examination, with delivery via 

Cesarean section after 35.0 weeks of pregnancy, and 

(2) TVC (either MacDonald or Shirodkar type) placed before 6.0 weeks of gestation in the absence 

of cervical changes detected by manual or ultrasonographic examination, removed either prior 

delivery between 35-37 weeks of gestation or at the time of delivery  

𝐶 𝐴|𝑎 𝑌# 	 𝐿&$ 𝑃 𝐷 

𝐿&% 𝑈& 𝐿&' 𝐿&& 
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3.3.4. Treatment assignment  

We assigned each eligible patient to the treatment strategy (TAC or TVC) compatible with her data 

at baseline under the assumption that assignment was random with respect to the outcome 

conditional on the following baseline covariates, 𝐿"$: ≥ 2 prior spontaneous deliveries between ≥14 

and <34 weeks,5 history of prior failed TVC, insurance status, age at cerclage placement (mean-

centered), prior cervical surgery, Black or African American race, use of ART in the index 

pregnancy,21 and categories of year of delivery or loss to follow-up (2001-2005, 2006-2010, 2011-

2015, 2016-2021) to account for possible time trends in preterm birth.22 Race was included because 

of evidence that Black or African American women experience increased risk of preterm birth 

compared with non-Hispanic white women and because of racial disparities in obstetric care.3,23-25 

We additionally assumed that treatment assignment was random with respect to pregnancy survival 

to 16.0 weeks conditional on 𝐿&:	use of ART in the index pregnancy and insurance status.  

 

3.3.5 Outcomes 

The primary outcome of interest was preterm delivery <34 weeks of gestation, a composite outcome 

defined as spontaneous or iatrogenic delivery <34 weeks of gestation. Spontaneous delivery was 

defined as preterm delivery (preterm birth or late miscarriage) in the setting of preterm labor, 

preterm spontaneous rupture of membranes, preterm premature rupture of membranes (PPROM) 

or cervical weakness. Iatrogenic delivery was defined as induced labor or Cesarean section due to 

maternal or fetal causes other than those defined for sPTB. Although we were primarily interested in 

sPTB or late miscarriage, we chose to use a composite outcome to avoid bias due to competing 

events, as described in section 3.3.6. Secondary outcomes included gestational age at delivery, late 

miscarriage before 24 weeks, preterm delivery <32 weeks, and characteristics and complications of 

both cerclage placement and delivery.  
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3.3.6 Competing events 

Iatrogenic delivery before 34 weeks of gestation is a competing event for the outcome of sPTB or 

late miscarriage before 34 weeks. Others have described methods to correct for bias due to 

competing events under causal frameworks.26,27 Many of these require strong assumptions or are 

difficult to interpret clinically in the context of pre-conception exposures.24 As we anticipated a low 

number of iatrogenic deliveries before 34 weeks and unmeasured common causes of sPTB and 

iatrogenic delivery, we created a composite outcome, preterm delivery, that includes both 

spontaneous and iatrogenic delivery before 34 weeks. Under the assumption of no direct effect of 

cerclage type on iatrogenic delivery, the effect of treatment on preterm delivery on a multiplicative 

scale would asymptotically be a conservative estimate for the effect on spontaneous preterm 

delivery.  

 

3.3.7 Follow-up 

Patients were followed from baseline until the outcome of interest, 34.0 weeks of gestation, or loss 

to obstetric follow-up in the medical record, whichever occurred first. Patients who were lost to 

follow-up were censored at the time of their last visit or ultrasound note with either an MGB 

provider or an outside obstetric provider for which notes were accessible.  We assumed that loss to 

follow-up was non-informative with respect to the outcome and therefore did not use censorship 

weights for the primary analysis. As a sensitivity analysis, we used censorship weights adjusting for 

potential common causes of loss to follow-up and spontaneous delivery, 𝐿"' : age at cerclage 

placement (mean-centered), insurance status, and ≥ 2 prior spontaneous deliveries <34 weeks 

(Figure 3.2).   
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3.3.8 Causal contrast  

The causal contrast is the observational analog of the per protocol effect among those who survived 

pregnancy to 16 weeks and were uncensored. Due to the small sample size, subgroup effects were 

not possible to estimate. 

 

3.3.9 Sensitivity analysis: pragmatic treatment strategies 

In tertiary care centers typical of those where TACs are performed, patients with multiple risk 

factors for recurrent spontaneous delivery might be very likely to be offered a TAC while those with 

few risk factors might rarely get offered one. When there is a lack of clinical equipoise in practice, as 

in these situations, subjects will not be comparable in real world data, resulting in near-positivity 

violations. In our primary analysis, we handled these near-positivity violations by using stabilized 

inverse probability weights and parametric modeling to “smooth over” small cells. Another way to 

address this problem when the goal is to estimate a population-level effect is to use more pragmatic 

treatment strategies.  

We estimated the effect of treatment strategies that consider a patient’s baseline risk for 

recurrent preterm delivery for treatment decision-making (Table 3.1). The causal contrast for this 

analysis would be interpreted as “the risk of preterm delivery <34 weeks had all patients received 

TAC other than those who were weakly indicated for TAC (who received the treatment they would 

naturally receive), compared with had all patients received TVC other than those who were highly 

indicated for TAC (who received the treatment they would naturally receive), among those who 

survived pregnancy to 16.0 weeks had no-one been uncensored.” Highly indicated was defined as 

having ≥ 1 prior failed TVC, >1 prior spontaneous delivery <34 weeks, and a history of cervical 

surgery. Weakly indicated was defined as no prior failed TVC, 1 prior sPTB or late miscarriage <34 

weeks, no use of ART in index pregnancy, and no prior cervical surgery. The population-level effect 
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estimate from this analysis would generalize to patient populations with a similar distribution of 

indications for TAC.   

 

Table 3.1. Pragmatic treatment strategies used for sensitivity analysis. Let 𝐴 (observed treatment) 
and 𝑎 (counterfactual treatment) take the value 1 for TAC and 0 for TVC.  

1 𝐼( = indicator for “highly indicated for TAC”; equals 1 for a woman with ≥ 1 prior failed TVC, 
>1 prior spontaneous delivery <34 weeks, and a history of cervical surgery, and 0 otherwise 
2 𝐼) = indicator for “weakly indicated for TAC”; equals 1 for a woman with no prior failed TVC, 1 
prior sPTB or late miscarriage <34 weeks, no use of ART in index pregnancy, and no prior cervical 
surgery, and 0 otherwise 
 

 
3.3.10 Statistical analysis 

Data analysis was performed using R 2021.09.0 (R Foundation for Statistical Computing, Vienna, 

Austria).  

𝑉-stabilized inverse probability weights were used to adjust for baseline confounding by 

common causes of treatment and the outcome (𝐿"$) and for common causes of treatment and 

pregnancy survival to 16 weeks (𝐿"&), where 𝑉 is equal to 1 for patients with prior failed TVC and 0 

otherwise.28 Weights were truncated at the 99th percentile to prevent outliers from affecting the 

analysis. To estimate the effect, we fit a weighted, pooled logistic regression model with a product 

term between treatment and follow-up time (in weeks of gestational age, modeled flexibly with cubic 

splines).29 The predicted hazards from this model were used to estimate pregnancy survival at 34 

Treatment Strategy Formal strategy definition1 Plain English definition  
TAC   If 𝐼) = 1,1 𝑎 = 𝐴;  

otherwise, 𝑎 = 1 
 

If a woman is weakly indicated for a 
TAC, let her receive the treatment she 
would naturally receive; otherwise, place 
a TAC 
 

TVC If 𝐼( = 1,2	𝑎 = 𝐴; 
otherwise, 𝑎 = 0 

If a woman is strongly indicated for a 
TAC, let her receive the treatment she 
would naturally receive; otherwise, place 
a TVC 
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weeks of gestation, absolute cumulative risk, and cumulative risk plots for preterm delivery <34 

weeks for each of the four combinations of treatment and 𝑉 and for each level of treatment holding 

𝑉 constant. Percentile-based 95% confidence intervals were estimated using nonparametric 

bootstrapping with 1000 samples. Further details on inverse probability weighting and pooled 

logistic regression models as well as details on the methodology used for the sensitivity analysis 

involving pragmatic treatment strategies can be found in the Appendix (Section C.2).  

We repeated the primary analysis 1) excluding patients with post-conception TAC to assess 

for potential selection bias introduced if TAC placed during pregnancy affects first trimester 

miscarriage, and separately; 2) using censoring weights to assess for selection bias that might occur 

when censorship due to loss to follow-up depends on treatment and shares common causes with the 

outcome (𝐿"' ,). We additionally performed a sensitivity analysis using the outcome preterm delivery 

before 32 weeks for comparison with the MAVRIC trial.  

 

3.4 RESULTS 

3.4.1 Study cohort 

After applying eligibility criteria, the cohort consisted of 195 patients (Figure 3.3). The mean age at 

cerclage placement was 33 ± 5 years. The average number of prior spontaneous deliveries before 34 

weeks was 1.5 ± 0.7 and 42% of the cohort (N=81) had a prior failed TVC.  

Six women (3.1%) were lost to follow-up before 34 weeks of gestation, two in the TAC 

group (2.2%) and four in the TVC group (3.8%). In the TAC group, one woman transferred care at 

32 weeks and one woman had no obstetric notes after 27 weeks. In the TVC group, three women 

transferred care between 16-19 weeks and one woman had no obstetric notes after 22 weeks. One 

additional woman in the TAC group transferred care before 34 weeks but had an outside obstetric 

note at 36.7 weeks of gestation indicating she was still pregnant; she was not considered lost to 
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follow up for outcomes at 34 or 32 weeks. Patients who were lost to follow-up were similar across 

baseline characteristics compared with those who were not lost to follow-up (Appendix Table 

C.1.2).   

 

 

Figure 3.3. Flowchart for selection of eligible individuals into the cohort (1998-2021).  
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3.4.2 Treatment groups 

Table 3.2 shows the distribution of baseline characteristics stratified by treatment group. 

Patients who received TAC were older at cerclage placement compared with patients who received 

TVC (35 ± 5 versus 32 ± 6 years, respectively), were less likely to be of Black or African American 

race (24% versus 33%, respectively), and were less likely to receive public insurance (17% versus 

30%, respectively). TAC patients had higher mean gravidity (4 versus 3 respectively) and number of 

prior spontaneous deliveries <34 weeks (51% with ≥ 2 versus 28%, respectively). They were also 

more likely to have history of prior failed TVC (65% versus 21%, respectively) and cervical surgery 

(59% versus 46%, respectively) and to have used ART in the index pregnancy (33% versus 18%, 

respectively).  

 

Table 3.2. Baseline characteristics of the cohort (N=195) stratified by type of cerclage, 
transabdominal (TAC) versus transvaginal (TVC). Percentages are of column totals. 
 
Characteristic N Overall1 Cerclage type1 
   TVC (N=104) TAC (N=91) 
Sociodemographic  

Age at cerclage placement 
(years) 195 33.5 (5.3) 32.3 (5.6) 34.8 (4.6) 

Race 195    
Asian  24 (12%) 6 (5.8%) 18 (20%) 
Black or African American  56 (29%) 34 (33%) 22 (24%) 
Other  24 (12%) 18 (17%) 6 (6.6%) 
White  91 (47%) 46 (44%) 45 (49%) 

Hispanic ethnicity 184 23 (12%) 17 (17%) 6 (7.2%) 
Public insurance 186 45 (24%) 30 (30%) 15 (17%) 

Comorbidities 
Body mass index (BMI, 
kg/m2) 171 28.7 (7.1) 28.7 (6.8) 28.7 (7.4) 

Pre-gestational hypertension 195 19 (9.7%) 13 (12%) 6 (6.6%) 
Renal disease 195 1 (0.5%) 1 (1.0%) 0 (0%) 
Type II diabetes mellitus  195 10 (5.1%) 5 (4.8%) 5 (5.5%) 
Pre-pregnancy smoking2  195    

Current  16 (8.4%) 11 (11%) 5 (5.7%) 
Former  12 (6.2%) 0 (0%) 12 (13%) 

Smoking during pregnancy2 195 8 (4.2%) 5 (4.9%) 3 (3.3%) 
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Table 3.2 (Continued) 
 
Obstetric and gynecologic history  

Gravidity 195 3.3 (2.4) 3.0 (2.3) 3.7 (2.3) 
Parity 195 1.2 (1.1) 1.4 (1.1) 1.0 (1.1) 
Living children  195 0.6 (0.8) 0.6 (0.8) 0.6 (0.7) 
No. of prior spontaneous 
deliveries <34 weeks (mean) 195 1.5 (0.7) 1.3 (0.5) 1.7 (0.8) 

1  120 (62%) 75 (72%) 45 (49%) 
2  58 (30%) 25 (24%) 33 (36%) 
3  15 (7.7%) 4 (3.8%) 11 (12%) 
4  2 (1.0%) 0 (0%) 2 (2.2%) 

Prior failed TVC (any) 195 81 (42%) 22 (21%) 59 (65%) 
0  114 (58%) 82 (79%) 32 (35%) 
1  69 (35%) 22 (21%) 47 (52%) 
2  12 (6.2%) 0 (0%) 12 (13%) 

Prior cervical surgery 195 102 (52%) 48 (46%) 54 (59%) 
Assisted reproductive 
technology (ART) in index 
pregnancy 

195 49 (25%) 19 (18%) 30 (33%) 

1 n (%); Mean (SD) 
2 Self-reported 

  

Appendix Table C.1.3 shows surgical characteristics of cerclage placement. 19 TACs (21%) 

were placed during pregnancy and the remainder were placed preconceptionally. A single TAC was 

placed by laparotomy and the remainder by laparoscopy. The mean gestational age at cerclage 

placement was lower among TAC patients than among TVC patients (9 versus 13 weeks, 

respectively). Surgical complications of cerclage placement occurred in one TVC patient (1%; 

vaginal laceration) and 3 TAC patients (3%; 2 uterine perforations and one uterine vein 

laceration/broad ligament arterial bleed).  
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3.4.3 Outcomes 

Overall outcomes 

Among those with follow-up through delivery (N=188), the median gestational age at delivery 

(including spontaneous deliveries, late miscarriages, and induced labor/planned Cesarean section) 

was 37.4 weeks (IQR: 36.4 to 38.4 weeks). The incidence of preterm delivery before 34 weeks was 

13.2% (N=25/189, 95% CI: 7.7%, 18.8%), including 23 spontaneous preterm deliveries (incidence 

= 12.2%, 95% CI: 6.9%, 17.5%) and 2 iatrogenic deliveries (one due to preeclampsia and one due to 

placental abruption). The median gestational age at delivery among those with preterm delivery <34 

weeks was 28.9 weeks (range = 17.0 to 33.6 weeks). There were 7 late miscarriages before 24 weeks 

(3.7%). 

Patients with preterm delivery before 34 weeks were slightly younger at delivery compared 

with all others (mean 33 ± 57 versus 35 ±	7 ±	5 years, respectively), had a higher mean BMI (31 ± 

8 versus 29 ± 7 ± 7 kg/m2, respectively), and a higher mean gravidity (4 versus 3, respectively). The 

incidence was higher among patients of Black or African American race (19% versus 11% for all 

others), self-reported current smokers before pregnancy (33% versus 10% for never-smokers), and 

patients with ≥ 2 prior spontaneous deliveries <34.0 weeks (24% versus 7% for patients with 1 

prior) (Appendix Table C.1.4).   

 

Outcomes stratified by cerclage type 

The median gestational age at delivery in the TAC group was 37.1 weeks (IQR: 36.4, 37.7 weeks) 

and in the TVC group was 38.0 weeks (IQR: 36.3, 39.1 weeks) (Figure 3.4). These numbers reflect 

the fact that women with TACs who did not deliver preterm were delivered by planned Cesarean 

section near 37 weeks (median 37.5 weeks). Among women who were delivered by planned 
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Cesarean section, there was a slight increase in the gestational age of delivery over time (Appendix 

Figure C.2.1). 

 

 
 
Figure 3.4. Histogram (a) and density plot (b) showing the distribution of gestational age (GA) at 
delivery for all pregnancies. TVC, transvaginal cerclage; TAC, transabdominal cerclage.  

 

Preterm delivery before 34 weeks occurred in 10.1% of the TAC group (N=9/89, 95% CI: 

3.1%, 17.1%) and 16.0% of the TVC group (N=16/100, 95% CI: 7.4%, 24.6%) (RD = -5.9%, 95% 

CI: -15.4%, 3.6%). Among women with preterm delivery before 34 weeks (N=25), the median 

gestational age at delivery in the TAC group was 32.9 weeks (IQR: 22.4, 33.3 weeks) and in the TVC 

group was 28.5 weeks (IQR: 22.6, 31.5 weeks). 

Additional pregnancy and delivery outcomes stratified by cerclage type are shown in Table 

3.3. All women with TACs were delivered by Cesarean section except for 3 who had dilation and 

evacuation of second-trimester losses. Delivery complications occurred in 18 women overall (10%) 

and were more prevalent in the TAC group compared with the TVC group (15% versus 5.4%, 

respectively).  

a b 
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Table 3.3. Pregnancy and delivery outcomes stratified by cerclage type. Percentages are of column 
totals. TAC, transabdominal cerclage; TVC, transvaginal cerclage; GA, gestational age.  
 
Characteristic N Overall1  Cerclage type1 
   TVC (N=100) TAC (N=89) 
Pregnancy outcomes  

Preterm delivery <34 weeks 189 25 (13%) 16 (16%) 9 (10%) 
Spontaneous2  23 (12%) 14 (14%) 9 (10%) 

Preterm delivery <32 weeks 189 16 (8.5%) 12 (12%) 4 (4.5%) 
Spontaneous  15 (7.9%) 11 (11%) 4 (4.5%) 

GA at delivery     
Overall 188 37.4 (36.4, 38.4) 38.0 (36.3, 39.1) 37.1 (36.4, 37.7) 
Preterm delivery <34 weeks  28.9 (22.4, 32.9) 28.5 (22.6, 31.5) 32.9 (22.4, 33.3) 

Late miscarriage <24 weeks 189 7 (3.7%) 4 (4.0%) 3 (3.4%) 
Delivery outcomes 

Cesarean section3 188 122 (65%) 37 (37%) 85 (97%) 
Delivery complications 179 18 (10%) 5 (5.4%) 13 (15%) 

1 n (%); Median (Interquartile range, IQR)  
2 Iatrogenic deliveries were due to preeclampsia (1) and placental abruption (1)  
3 3 patients in TAC group and 5 patients in TVC group had dilation and evacuation due to 
miscarriage/fetal loss 

 

3.4.5 Effect estimates 

The weighted estimated risk of preterm delivery had all women received TAC was 6.0% (95% CI: 

2.5%, 10.1%) and had all patients received TVC was 19.1% (95% CI: 7.5%, 30.7%) (RD = -13.5%, 

95% CI: -24.8%, -0.1%; RR = 0.63, 95% CI: 0.12, 0.99) (Table 3.4, Figure 3.5). Assuming no 

unmeasured confounding, this effect estimate has the interpretation of the causal effect of TAC 

compared with TVC on the risk of preterm delivery before 34 weeks among those who survived 

pregnancy to 16 weeks had no-one been censored, holding prior failed TVC constant.   
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Table 3.4. Estimates for the effect of transabdominal cerclage, TAC, compared with transvaginal 
cerclage, TVC, on preterm delivery before 34 weeks. 
   
Estimate Risk, TAC (95% 

CI)  
Risk, TVC 
(95% CI) 

Risk difference 
(95% CI) 

Risk ratio 
(95% CI) 

Crude1  10.1%  
(3.1%, 17.1%) 

16.0%  
(7.4%, 24.6%) 

-5.9%  
(-15.4%, 3.6%) 

0.63  
(0.29, 1.36) 

Per protocol effect2   6.0% 
(2.5%, 10.1%) 

19.2% 
(7.5%, 30.7%) 

-13.2% 
(-24.8%, -0.1%) 

0.31 
(0.12, 0.99) 

Pragmatic treatment 
strategy approach3 

8.0% 
(4.1%, 12.8%) 

14.4% 
(7.7%, 25.8%) 

-6.3% 
(-17.4%, 1.1%) 

0.56 
(0.26, 1.12) 

1 Calculated as number of preterm deliveries divided by number of uncensored patients   
2 Conditional effect among those who survived pregnancy to 16 weeks, holding prior TVC constant 
3 Effect of pragmatic treatment strategies comparing a strategy where everyone received TAC unless 
they were weakly indicated for TAC, to one where everyone received TVC unless they were strongly 
indicated for TAC 

 
 

  

Figure 3.5. Weighted cumulative incidence of preterm delivery from 16 weeks through 34 weeks of 
gestation for each cerclage type among those with follow-up through 34 weeks. TAC, 
transabdominal cerclage; TVC, transvaginal cerclage.  
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Sensitivity analyses 

In the analysis utilizing pragmatic treatment strategies allowing for treatment based on risk 

stratification, the risk difference was -6.3% (95% CI: -17.4%, 1.1%). Assuming no unmeasured 

confounding, this effect estimate has the interpretation of the effect of giving patients TAC unless 

they are weakly indicated for TAC (𝐼) = 1) compared with the effect of giving patients TVC unless 

they are strongly indicated for TAC (𝐼( = 1), among patients who survived pregnancy to 16 weeks 

had no-one been uncensored. Appendix Table C.1.5 shows the proportion of patients in our dataset 

who met these criteria.  

Excluding TACs placed post-conceptionally resulted in a slightly decreased effect estimate 

(RD = -10.8%, 95% CI: -21.9%, 0.1%). Including censoring weights had minimal impact on the 

estimates. The effect estimate was similar for the outcome of preterm delivery <32 on the absolute 

scale, and slightly stronger on the relative scale (Appendix Table C.1.6).  

3.5 DISCUSSION 

In this study, we used a causal inference framework to estimate the effect of transabdominal cerclage 

relative to transvaginal cerclage on the risk of preterm delivery before 34 weeks within a lower-risk 

obstetric population than that of the MAVRIC trial. In MAVRIC, a strong effect was observed for 

TAC relative to both low and high TVC (risk in TAC group 8% versus 33% in low TVC group, RD 

-25%, RR 0.23, 95% CI: 0.07-0.76). In light of these results, one question is whether guidelines on 

who should be offered a TAC – currently, women who either have a prior failed TVC or cervical 

abnormalities that would make TVC placement infeasible9 – should be broadened to include patients 

with fewer risk factors for recurrent spontaneous preterm birth.  

Ethically, this is an important question: aside from the significant short- and long-term 

neonatal health consequences of prematurity,30-33 preterm delivery and pregnancy loss have long-
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lasting mental health implications for parents, including a doubling of maternal post-partum 

depression risk compared with mothers of term infants,34-36 and the risk of these effects increases 

with the number of prior losses.37 We must question whether it is ethical to withhold a strongly 

effective treatment from women until they have had a sufficient number of preterm deliveries 

and/or losses. Answering this question requires an understanding not only of the risks associated 

with the procedure, but also the magnitude of the effect among women with fewer risk factors for 

recurrent preterm birth.  

With respect to the risks of the procedure, most TACs today are placed via minimally 

invasive laparoscopy, with reduced associated morbidity compared with open laparotomy.14,38,39 The 

short- and long-term risks associated with Cesarean delivery40-42 are therefore perhaps the most 

important limiting factor. With respect to the magnitude of the effect, it is not clear that an effect 

size as strong as that observed in MAVRIC would occur in a lower risk patient population who 

might do better on average with a TVC in situ. The results from the MAVRIC trial cannot be used 

to inform this question: all women in MAVRIC had ≥ 1 prior failed TVC, with an average 2.8 prior 

spontaneous deliveries <28 weeks, and 95% had ≥ 2 prior second trimester losses <24 weeks. To 

understand whether a similarly strong effect size would be observed in a lower-risk population 

would require an additional trial. However, another trial of TAC versus TVC is unlikely to be 

available for some time, if ever, due to the challenges of randomizing pregnant or soon-to-be 

pregnant women to abdominal surgery and the significant time and financial resources required.  

 Others have described methods (“target trial” frameworks) to improve the use of 

observational data for estimating causal effects of interventions.15,43 Here, we utilize this framework 

to estimate the causal effect of TAC relative to TVC for preventing preterm delivery <34 weeks 

within a population of women with fewer risk factors for recurrent spontaneous delivery than in 

MAVRIC: in our population, women had an average 1.5 prior spontaneous deliveries before 34 
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weeks, and 42% had a prior failed TVC. We found a slightly reduced but still strong magnitude of 

effect in this population compared with MAVRIC (RR = 0.31, RD = -13.5% holding prior failed 

TVC constant). Although these results are not directly comparable to MAVRIC due to a different 

end point (34 versus 32 weeks), a sensitivity analysis for the outcome of preterm delivery before 32 

weeks showed a similar effect on the absolute scale. These effect estimates have a causal 

interpretation assuming no unmeasured confounding for treatment, outcome, and pregnancy 

survival to 16 weeks, as well as no selection bias. A sensitivity analysis including censorship weights 

had minimal impact on results, supporting the latter assumption. Although the results of the 

MAVRIC trial support our assumption of no direct effect of treatment on fertility and/or early 

miscarriage, restricting to pre-conception TAC resulted in a slightly smaller effect size, potentially 

suggesting an association between post-conception TAC and early miscarriage in our dataset. 

However, even in this restricted population the absolute risk difference was -10.8%.  

 There are some important limitations beyond the assumptions described above. First, the 

small sample size prevented assessment of important subgroup effects (e.g., by prior failed TVC). To 

address this, we estimated the population-level effect of more “pragmatic” treatment strategies 

whereby patients with many risk factors for preterm delivery would be allowed to receive a TAC, 

and patients with few risk factors would be allowed to receive a TVC. Under this strategy, the risk 

difference was -6.3%, giving an estimate of the effect size we could expect to see under more 

realistic treatment strategies in patient populations with similar distributions of risk factors as ours. 

Second, we used a composite outcome for all preterm delivery to avoid issues with bias due to 

competing events. Although we would expect no or minimal effect of cerclage type on causes of 

iatrogenic preterm delivery (e.g, preeclampsia), there were only 2 iatrogenic deliveries in our sample, 

and both occurred in the TVC arm, likely by chance. However, as these deliveries accounted for just 

8% of preterm deliveries <34 weeks, their impact was likely minimal. Third, due to small sample 
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size, we did not separately estimate the effect of TAC compared with high and low TVC. However, 

in MAVRIC, effect estimates were similar for TAC compared with each of these groups separately. 

Finally, our obstetric population is an especially high-risk population. However, given patients who 

are eligible for TAC and TVC are inherently high-risk patients, we feel that these results generalize 

to the patient population these interventions are intended to serve.   

 In conclusion, transabdominal cerclage is very effective compared with transvaginal cerclage 

for the prevention of early preterm delivery in a lower risk population than the MAVRIC trial. As a 

more modest effect estimate was observed, these results must be considered against the risks of 

abdominal surgery, Cesarean section, and delivery complications for determining whether guidelines 

for TAC placement should be broadened to include lower-risk women.     
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A.1 CHAPTER 1 SUPPLEMENTAL TABLES

Appendix Table A.1.1. Baseline and operative characteristics of analytic cohort stratified by study 
site (N=61).  

Characteristic N Overall 
(N = 61) 

MGB Site 
(N=46) 

Osaka Site 
(N=15) 

Patient characteristics1 
Age at surgery (years) 61 33 (16) 33 (16) 31 (17) 
Sex 61 

   

     Female 
 

10 (16%) 6 (13%) 4 (27%) 
     Male 51 (84%) 40 (87%) 11 (73%) 
Current Tobacco use 59 39 (66%) 34 (77%) 5 (33%) 
Corticosteroid use 61 61 (100%) 46 (100%) 15 (100%) 
Diabetes 61 2 (3.3%) 2 (4.3%) 0 (0%) 
Location of fracture 61 

   

     Distal 
 

3 (4.9%) 2 (4.3%) 1 (6.7%) 
     Proximal 10 (16%) 7 (15%) 3 (20%) 
     Waist 48 (79%) 37 (80%) 11 (73%) 
Fracture plane orientation 61 
     Horizontal oblique 31 (51%) 25 (54%) 6 (40%) 
     Transverse 26 (43%) 20 (43%) 6 (40%) 
     Vertical oblique 4 (6.6%) 1 (2.2%) 3 (20%) 
Proximal pole sclerosis2 59 
     None 35 (59%) 27 (61%) 8 (53%) 
     Mild to moderate proximal pole   
     sclerosis 

23 (39%) 16 (36%) 7 (47%) 

     Avascular necrosis 1 (1.7%) 1 (2.3%) 0 (0%) 
Operative characteristics1 
Surgical approach3 59 
     Dorsal 

 
17 (29%) 17 (39%) 0 (0%) 

     Volar 42 (71%) 27 (61%) 15 (100%) 
Fixation type 61 

  

     Kirschner wire 
 

1 (1.6%) 1 (2.2%) 0 (0%) 
     Screw 60 (98%) 45 (98%) 15 (100%) 
Bone graft 61 45 (74%) 32 (70%) 13 (87%) 
Bone graft source 45 

  

     Distal Radius 
 

15 (33%) 15 (47%) 0 (0%) 
     Iliac Crest 30 (67%) 17 (53%) 13 (100%) 
Post-operative immobilization 61 61 (100%) 46 (100%) 15 (100%) 
Time characteristics4 
Time from fracture to CT (weeks) 61 14 (10, 28) 14 (9, 26) 17 (12, 33 
Time from fracture to ORIF (weeks) 61 18 (13, 31) 20 (13, 29) 17 (14, 35) 
Time from CT to ORIF (weeks) 61 2 (2, 5) 2 (2, 5) 3 (2, 5) 

1 Continuous variables presented as mean (SD), 95% CI; categorical variables presented as N (%) 
and 95% CI (%) 
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Appendix Table A.1.1 (Continued)  
 
2 Two fractures had missing radiology reports 
3 Surgical approach was not described/ascertainable for two fractures 
4 Median (interquartile range, IQR) 

 

Appendix Table A.1.2. Baseline and operative characteristics of the full pooled cohort including 
those lost to 3-month follow-up stratified by missingness at the scheduled 3-month postoperative 
visit (defined as a visit between ≥10 weeks and <18 weeks after ORIF) (N=70).   
 
Characteristic N Overall  

(N = 70)1 
Missing 

outcome at 3 
months 
(N=9)1 

Recorded 
outcome at 3 

months (N=61)1 

Patient characteristics1 
Study Site 70 

   

     MGB 
 

55 (79%) 9 (100%) 46 (75%) 
     Osaka 

 
15 (21%) 0 (0%) 15 (25%) 

Age at surgery (years) 70 33 (16) 33 (15) 33 (16) 
Sex 70 

   

     Female 
 

11 (16%) 1 (11%) 10 (16%) 
     Male 

 
59 (84%) 8 (89%) 51 (84%) 

Current tobacco use 68 9 (13%) 1 (11%) 8 (14%) 
Corticosteroid use 70 1 (1.4%) 1 (11%) 0 (0%) 
Diabetes 70 3 (4.3%) 1 (11%) 2 (3.3%) 
Location of fracture 70 

   

     Distal 
 

3 (4.3%) 0 (0%) 3 (4.9%) 
     Proximal 

 
11 (16%) 1 (11%) 10 (16%) 

     Waist 
 

56 (80%) 8 (89%) 48 (79%) 
Fracture plane orientation 70    
     Horizontal oblique  33 (47%) 2 (22%) 31 (51%) 
     Transverse  33 (47%) 7 (78%) 26 (43%) 
     Vertical oblique  4 (5.7%) 0 (0%) 4 (6.6%) 
Proximal pole sclerosis2 68    
     None  41 (60%) 6 (67%) 35 (59%) 
     Mild to moderate proximal pole    
     sclerosis 

 26 (38%) 3 (33%) 23 (39%) 

     Avascular necrosis  1 (1.5%) 0 (0%) 1 (1.7%) 
Operative characteristics1 
Surgical approach3 68 

   

     Dorsal 
 

19 (28%) 2 (22%) 17 (29%) 
     Volar 

 
49 (72%) 7 (78%) 42 (71%) 

Fixation type 70 
   

     Kirschner wire 
 

1 (1.4%) 0 (0%) 1 (1.6%) 
     Screw 

 
69 (99%) 9 (100%) 60 (98%) 
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Appendix Table A.1.2 (Continued)  
 

    

Bone graft 70 51 (73%) 6 (67%) 45 (74%) 
Bone graft source 51 

   

     Distal Radius  18 (35%) 3 (50%) 15 (33%) 
     Iliac Crest  33 (65%) 3 (50%) 30 (67%) 
Time characteristics2 
Time from fracture to CT (weeks) 70 14 (9, 28) 11 (7, 25) 14 (10, 28) 
Time from fracture to ORIF (weeks) 70 18 (11, 35) 15 (8, 39) 18 (13, 31) 
Time from CT to ORIF (weeks) 70 3 (2, 5) 3 (3, 4) 2 (2, 5) 

1 Continuous variables presented as mean (SD), 95% CI; categorical variables presented as N (%) 
and 95% CI (%) 
2 Two fractures had missing radiology reports 
3 Surgical approach was not described/ascertainable for two fractures 
4 Median (interquartile range, IQR) 

 

Appendix Table A.1.3. Intraclass correlation coefficients (ICC) between observers for mean bone 
density measurements in Hounsfield units (HU) in the MGB cohort (N=46). 
 
Region of interest (ROI) Healing at 3 months (N=35) Not healing at 3 months (N=11) 
 ICC 95% CI ICC 95% CI 
Proximal fragment     
   Coronal plane 0.91 0.82, 0.95 0.99 0.96, 1.00 
   Sagittal plane 0.94 0.87, 0.97 0.98 0.92, 0.99 
   Axial plane 0.91 0.84, 0.96 0.93 0.78, 0.98 
Distal fragment     
   Coronal plane 0.87 0.76, 0.93 0.97 0.89, 0.99 
   Sagittal plane 0.90 0.81, 0.95 0.95 0.80, 0.99 
   Axial plane 0.83 0.70, 0.91 0.96 0.87, 0.99 
Triquetrum     
   Coronal plane 0.90 0.80, 0.95 0.92 0.73, 0.98 
   Sagittal plane 0.91 0.83, 0.95 0.96 0.87, 0.99 
   Axial plane 0.74 0.54, 0.86 0.98 0.93, 0.99 

 

 
 
 
 
 
 
 
 



 78 

Appendix Table A.1.4. Mean relative bone density (RBD) values in proximal and distal fragments 
and the difference of proximal and distal fragments, stratified by healing at the 3-month 
postoperative visit within the subgroup of fractures with ≤6 months between injury and ORIF 
(N=39). 
 
Predictor  Overall 

(N=39)1  
Not healing at 
3 months 
(N=6)1 

Healing at 3 
months 
(N=33)1 

Mean difference  
(95% CI)2  

Proximal fragment 
 

1.52 (0.31) 1.69 (0.34) 1.49 (0.30) 0.20 (-0.16, 0.56) 

Distal fragment 1.07 (0.25) 1.08 (0.23) 1.07 (0.25) 0.01 (-0.24, 0.24) 

Difference 
between proximal 
and distal 
fragments 
  

0.45 (0.33) 0.61 (0.23) 0.42 (0.34) 0.19 (-0.06, 0.45) 

1 Mean RBD (standard deviation, SD) 
2 Difference between mean RBD in non-healing group and healing group (95% confidence interval 
(CI) for difference) 
3 Threshold for significance after Bonferroni adjustment for multiple hypothesis testing using 
𝛼=0.05 is 0.005. P-values calculated using the Welch two-sample t-test.  

 

Appendix Table A.1.5. Receiver operating curve (ROC) characteristics for RBD above cut point as 
a predictor of healing progression at 3 months postoperatively in surgically treated scaphoid delayed 
unions and non-unions with ≤6 months between injury and ORIF (N=39). PPV, positive predictive 
value for healing at 3 months; NPV, negative predictive value for healing at 3 months. 
 
Predictor RBD Cut 

point 
Sensitivity 
(95% CI) 

Specificity 
(95% CI) 

PPV  
(95% CI) 

NPV  
(95% CI) 

C-statistic 
(95% CI) 
 

Proximal fragment 1.62 0.73  
(0.32, 1.0) 

0.67  
(0.33, 1.0) 
 

0.92 
(0.82, 1.0) 

0.31 
(0.10, 1.0) 

0.67  
(0.41, 0.91) 

Distal fragment 1.00 0.42 
(0.21, 0.94) 

0.67 
(0.33, 1.0) 

0.88 
(0.75, 1.0) 

0.17 
(0.08, 0.67) 

0.49 
(0.27, 0.77) 
 

Difference between 
proximal and distal 
fragments 
 

0.60 0.76 
(0.32, 0.97) 

0.67  
(0.44, 1.0) 

0.93 
(0.83, 1.0) 

0.33 
(0.12, 0.80) 

0.71 
(0.45, 0.93) 
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A.2 CHAPTER 1 SUPPLEMENTAL FIGURES

Appendix Figure A.2.1. Receiver operating characteristic (ROC) curves for RBD values in the 
proximal fragment and the difference between proximal and distal fragments (“difference”) for 
prediction of scaphoid fracture healing progression at the 3-month postoperative visit within the 
subgroup of fractures with ≤6 months between injury and ORIF (N=39). Mean RBDs of coronal 
and sagittal planes are shown. AUC, area under the curve. 
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B.1 CHAPTER 2 SUPPLEMENTAL TABLES

Appendix Table B.1.1. Baseline, injury, and operative characteristics of the cohort (N=463) 
stratified by follow-up completion through 2 years.  

Characteristic N Overall 
(N=463)1

Complete 
follow-up 
(N=360)1

Incomplete 
follow-up 
(N=103)1

Baseline characteristics 
Age at index ORIF (years)2 463 55 (22) 55 (21) 56 (23) 
Sex 463 
Female 292 (63%) 222 (62%) 70 (68%) 
Male 171 (37%) 138 (38%) 33 (32%) 

Race 462 
Non-white 70 (15%) 48 (13%) 22 (21%) 
White 392 (85%) 312 (87%) 80 (78%) 

Tobacco Use (Current) 407 78 (19%) 59 (18%) 19 (23%) 
Type II Diabetes 463 61 (13%) 49 (14%) 12 (12%) 
Inflammatory arthritis 463 6 (1.3%) 6 (1.7%) 0 (0%) 
Prior cervical spine injury 463 7 (1.5%) 7 (1.9%) 0 (0%) 

Injury Characteristics 
Polytrauma 463 142 (31%) 108 (30%) 34 (33%) 
Ipsilateral Upper Extremity 
or Cervical Spine Polytrauma 

463 88 (19%) 66 (18%) 22 (21%) 

Open Fracture 463 97 (21%) 72 (20%) 25 (24%) 
High-Energy Trauma 463 98 (21%) 82 (23%) 16 (16%) 
Dominant Hand Affected 326 144 (44%) 114 (43%) 30 (48%) 
Pre-Operative Ulnar 
Neuropathy 

448 29 (6.5%) 25 (7.2%) 4 (3.9%) 

AO/OTA Fracture Type 463 
Type A 99 (21%) 73 (20%) 26 (25%) 
Type B 28 (6.0%) 21 (5.8%) 7 (6.8%) 
Type C 336 (73%) 266 (74%) 70 (68%) 

Operative Characteristics 
Time from injury to index 
ORIF (days)3

463 2 (1, 4.0) 2 (1, 4.3) 2 (1, 3.5) 

External fixation before 
ORIF 

463 8 (1.7%) 6 (1.7%) 2 (1.9%) 

Olecranon osteotomy 463 288 (62%) 224 (62%) 64 (62%) 
Plating Type 463 

2 Plates 180 102 (22%) 75 (21%) 27 (26%) 
2 Plates 90/90 321 (69%) 252 (70%) 69 (67%) 
3 Plates 13 (2.8%) 10 (2.8%) 3 (2.9%) 
Single Medial Plate 27 (5.8%) 23 (6.4%) 4 (3.9%) 

Type of Senior Surgeon 463 
Hand Surgery 135 (29%) 103 (29%) 32 (31%) 
Orthopedic Trauma 328 (71%) 257 (71%) 71 (69%) 
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Appendix Table B.1.1 (Continued)  
 

  

Senior Surgeon Years of 
Experience3 

463 15 (6, 24) 16 (7, 24) 12 (5, 22) 

Operation within 28 days of 
Injury 

463 461 (100%) 358 (99%) 103 (100%) 

1 n (%) 
2 Mean (standard deviation, SD) 
3 Median (interquartile range (IQR)) 

 

Appendix Table B.1.2. Sensitivity analyses for the estimated risk of reoperation for ulnar 
neuropathy within 2 years comparing transposition to in situ management of the ulnar nerve during 
distal humerus ORIF. Estimates of the observational analog of the per-protocol effect comparing 
transposition to in situ management are presented as adjusted risk differences and risk ratios. In 
Sensitivity 1, pre-operative ulnar neuropathy was excluded from both treatment and censorship 
weights. In Sensitivity 2, years of primary surgeon experience was included in the treatment weights. 
Otherwise, weights were the same as in the primary analysis.   
 
Effect estimate2 Transposition 

(95% CI)1 
In situ 
management 
(95% CI)1 
 

Risk 
difference 
(95% CI)1 

Risk ratio 
(95% CI)1 

Sensitivity 1: Excluding pre-
operative ulnar neuropathy 
from weights 

12.2%  
(7.5%, 16.7%)  

11.3%  
(6.7%, 16.7%)  

0.9%  
(-6.1%, 7.4%)  

1.08 
(0.59, 1.99) 

Sensitivity 2: Including 
senior surgeon experience in 
treatment weights 

12.2%  
(7.3%, 16.5%)  

11.5%  
(6.8%, 16.7%)  

0.7%  
(-6.3%, 7.1%) 

1.06 
(0.57, 1.93) 

1 CI = confidence interval 
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B.2 CHAPTER 2 SUPPLEMENTAL FIGURES 
 
 

 

Appendix Figure B.2.1. Type of reoperation for ulnar neuropathy within 2 years of ORIF for distal 
humerus fracture stratified by treatment group.   
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B.3 CHAPTER 2 METHODS SUPPLEMENT 
 
B.3.1 Overview and Data Set-Up   

We used a marginal structural model to estimate the 2-year reoperation-free survival via a two-stage 

process. First, we estimated each subject’s probability of receiving treatment (ulnar nerve 

transposition) and being uncensored by time interval 𝑡, and used these probabilities to calculate 

inverse probability of treatment and censorship weights. Second, we estimated the association 

between treatment and the outcome (reoperation for ulnar neuropathy) using a weighted regression 

model.  

The data was converted to time to event data by creating time intervals for each subject 

spanning 0.5 weeks, ranging from 0 (baseline) to 104.5 weeks (~2 years), such that there were 209 

half-week time intervals for each subject. Indicator variables were used to denote whether each 

subject had the outcome of interest (reoperation for ulnar neuropathy) or was censored in each time 

interval. 

 

B.3.2 Treatment weights 

Treatment weights for the main analysis were created using the vector of potential baseline 

confounders, 𝐿"!: AO/OTA type C fracture, open fracture, pre-operative ulnar neuropathy, senior 

surgeon type, high-energy trauma, and age at operation. Let 𝑉 denote potential effect modifiers, age 

at operation and AO/OTA type C fractures. 

𝑆𝑊*
$ =

𝑓(𝐴*|𝑉*)
𝑓(𝐴*|𝐿"!* , 𝑉*)

 

Where 𝑓(𝐴*|𝑉*) = Pr	(𝐴 = 1|𝑉*) for an individual who received transposition conditional on that 

person’s covariates, and 𝑓(𝐴*|𝑉*) = Pr	(𝐴 = 0|𝑉*) for an individual who received in situ release 

conditional on that person’s covariates.  
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We fit the following logistic regression models for the numerator and denominator of the 

treatment weights, respectively:  

𝑃𝑟[𝐴 = 1|𝑉] = expit 	(𝜃# + 𝜃!+𝑉) 

𝑃𝑟[𝐴 = 1|𝑉, 𝐿"!] = expit	(𝜃# + 𝜃"+𝐿"! + 𝜃,+𝑉) 

 

B.3.3 Censoring weights 

Censorship weights for loss to follow-up or death were calculated using parametric pooled logistic 

regression models, with time since baseline modeled flexibly using natural splines with 5 percentile-

based knots, an indicator for treatment with ulnar nerve transposition, 𝐴, and potential common 

causes of censorship, 𝐶, and reoperation for ulnar neuropathy, 𝑌, 𝐿"": AO/OTA type C fracture, 

white race, high-energy trauma mechanism, polytrauma, pre-operative ulnar neuropathy, open 

fracture, and age at operation.  

Let 𝐶- be a dichotomous variable equal to 1 if a subject is censored in time interval 𝑡 and 0 

otherwise. 𝐶̅- denotes censorship history from 𝑘 = 1 to 𝑘 = 𝑡 − 1,	where 𝑘	is an index of 𝑡.	The 

stabilized inverse probability weight of censoring is:   

𝑆𝑊-,*
' =b

Pr(C/ = 0|C"01! = 0, 𝐴*) ∗ (1 − 𝐶0,*)
Pr	(C/ = 0|C"01! = 0, 𝐴* , 𝐿"",*)

-

02!

 

The numerator takes the value of zero for individuals who were censored by time 𝑘.  

We fit the following pooled logistic regression for the numerator and denominator of the 

censoring weights, respectively:  

𝑃𝑟[𝐶0 = 0|𝐴] = expite𝜃#,0 + 𝜃!𝐴f 

𝑃𝑟[𝐶0 = 0|𝐴, 𝐿""] = expit	(𝜃#,0 + 𝜃!𝐴 + 𝜃"+𝐿"") 
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B.3.4 Subject-specific weights 

The weight for each subject-week is calculated as:  

𝑆𝑊-,* = 	𝑆𝑊*
$ ∗ 𝑆𝑊-,*

'  

The observation for each subject-interval was weighted by 𝑆𝑊-,* such that in the weighted analysis, 

each subject’s probability of being treated at baseline and censored at each time interval is 

independent of their baseline covariates. Weights were truncated at the 99th percentile.  

 

B.3.5 Marginal structural model (MSM)  

We fit the following pooled logistic regression model containing an indicator of treatment, 𝐴,	and 

the same flexible function of time with natural splines and 5 percentile-based knots:  

𝑃𝑟[𝑌- = 1|𝑌-1! = 0, 𝐴, 𝑉] = expit	(𝛼#,- + 𝛼!𝐴 + 𝛼"+𝑉) 

Where 𝑌- = 1 if the subject had a reoperation for ulnar neuropathy in half-week time interval 𝑡 and 

𝑌- = 0 otherwise.  

 

B.3.6 Effect estimation  

After fitting the MSM, the predict function was used to estimate hazards of reoperation for ulnar 

neuropathy for each subject for each time interval in two datasets: one representing the 

counterfactual scenario where all subjects received ulnar nerve transposition, and one representing 

the counterfactual scenario where all subjects received in situ release of the ulnar nerve. Cumulative 

survival was calculated by taking the cumulative product of (1-hazard) for each dataset, which was 

then converted to cumulative risk by taking (1- cumulative survival). Two-year risks were estimated 

by calculating the cumulative risk at 104.5 weeks and were subsequently used to calculate 2-year risk 

ratios and risk differences. These effect estimates have a causal interpretation under the assumptions 

of consistency, positivity, exchangeability (no unmeasured confounding given the included 
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covariates), and a low weekly risk of reoperation for ulnar neuropathy within levels of those 

covariates.  
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C.1 CHAPTER 3 SUPPLEMENTAL TABLES 

Appendix Table C.1.1. Current Procedural Technology (CPT®) and International Classification of 
Diseases (ICD) codes used to identify women with possible transabdominal and transvaginal 
cerclage. For patients with procedures before October 1, 2015, the ICD-9 equivalent of ICD-10 
codes was included. Patients had to have at least one code from List A and at least one code from 
List B.  
  
Code Description 
List A  
ICD-9 67.51 Transabdominal cerclage of cervix 
ICD-9 67.59 Other repair of internal cervical os 
ICD-10 0UVC0Cx Restriction of Cervix 
CPT 59325 Cerclage of cervix, during pregnancy; abdominal 
CPT 59320 Cerclage of cervix, during pregnancy; vaginal 
CPT 57700 Cerclage of uterine cervix, nonobstetrical 
CPT 58578 Unlisted laparoscopy procedure, uterus  
CPT 59898 Unlisted laparoscopy procedure, maternity care and delivery 
List B  
ICD-10 N88.3 Incompetence of cervix uteri 
ICD-10 O34.3 Maternal care for cervical incompetence 
ICD-10 O34.4 Maternal care for other abnormalities of cervix 
ICD-10 O20.0 Hemorrhage in early pregnancy 

 
 
 
Appendix Table C.1.2. Baseline characteristics of the cohort (N=195) stratified by loss to follow-
up before 34 weeks of gestation. Percentages are of column totals. 
 
Characteristic N Overall1 Lost to follow-up1 
   No (N=189) Yes (N=6) 
Sociodemographic  

Age at cerclage placement 
(years) 195 33.5 (5.3) 33.5 (5.3) 32.4 (4.2) 

Race 195    
Asian  24 (12%) 24 (13%) 0 (0%) 
Black or African American  56 (29%) 54 (29%) 2 (33%) 
Other  24 (12%) 22 (12%) 2 (33%) 
White  91 (47%) 89 (47%) 2 (33%) 

Hispanic ethnicity 184 23 (12%) 22 (12%) 1 (17%) 
Public insurance 186 45 (24%) 44 (24%) 1 (17%) 

Comorbidities 
Body mass index (BMI, 
kg/m2) 171 28.7 (7.1) 28.8 (7.1) 27.1 (6.3) 

Pre-gestational hypertension 195 19 (9.7%) 19 (10%) 0 (0%) 
Renal disease 195 1 (0.5%) 1 (0.5%) 0 (0%) 
Type II diabetes mellitus  195 10 (5.1%) 10 (5.3%) 0 (0%) 
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Appendix Table C.1.2 (Continued) 
 

   

Pre-pregnancy smoking2  195    
Current  16 (8.4%) 15 (8.1%) 1 (17%) 
Former  18 (9.4%) 16 (8.6%) 2 (33%) 

Smoking during pregnancy2 195 8 (4.2%) 8 (4.3%) 0 (0%) 
Obstetric and gynecologic history  
Gravidity 195 3.3 (2.4) 3.4 (2.4) 3.2 (2.0) 
Parity 195 1.2 (1.1) 1.2 (1.1) 1.2 (0.8) 
Living children  195 0.6 (0.8) 0.6 (0.8) 0.8 (0.8) 
No. of prior spontaneous 
deliveries <34 weeks (mean) 195 1.5 (0.7) 1.5 (0.7) 1.7 (0.5) 

1  120 (62%) 118 (62%) 2 (33%) 
2  58 (30%) 54 (29%) 4 (67%) 
3  15 (7.7%) 15 (7.9%) 0 (0%) 
4  2 (1.0%) 2 (1.1%) 0 (0%) 

Prior failed TVC (any) 195 81 (42%) 78 (41%) 3 (50%) 
0  114 (58%) 111 (59%) 3 (50%) 
1  69 (35%) 66 (35%) 3 (50%) 
2  12 (6.2%) 12 (6.3%) 0 (0%) 

Prior cervical surgery 195 102 (52%) 99 (52%) 3 (50%) 
Assisted reproductive 
technology (ART) in index 
pregnancy 

195 49 (25%) 48 (25%) 1 (17%) 

1 n (%); Mean (SD) 
2 Self-reported 
 
 
 
Appendix Table C.1.3. Cerclage-related and surgical characteristics of the cohort (N=195) 
stratified by type of cerclage, transabdominal (TAC) versus transvaginal (TVC). Percentages are of 
column totals. 
 
Characteristic N Overall1 Cerclage type1 
   TVC (N=104) TAC (N=91) 
Cerclage characteristics 

Placed before conception 195 72 (37%) 0 (0%) 72 (79%) 
Gestational age at 
placement 

127 12.8 (1.9) 13.4 (0.9) 9.3 (1.9) 

TVC removed before delivery 188 57 (30%) 57 (57%) 0 (0%) 
Gestational age at removal 57  36.4 (1.7) NA 

TAC removed at delivery2 89  NA 10 (11%) 
Subsequent rescue cerclage  193 3 (1.6%) 0 (0%) 3 (3.3%) 

Surgical characteristics 
TAC surgical approach 91    

Laparoscopic   NA 90 (99%) 
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Appendix Table C.1.3 (Continued) 
 

Open laparotomy    NA 1 (1.1%) 
Blood loss 190 20.9 (21.7) 19.3 (22.1) 22.8 (21.1) 
>1 sutures  195 3 (1.5%) 1 (1.0%) 2 (2.2%) 
Mersilene band 195 3 (1.5%) 1 (1.0%) 2 (2.2%) 
Additional procedure(s) 
performed at time of surgery 
(yes/no)3  

195 31 (16%) 0 (0%) 31 (34%) 

Complications of surgery4   195 4 (2.1%) 1 (1.0%) 3 (3.3%) 
Number of surgeons 
performing procedure 

 18 5 14 

1 n (%); Mean (SD) 
2 8 removed at the request of the patient due to desired infertility; 1 due to dehiscence of a prior 
uterine scar below the level of cerclage; 1 due to the cerclage tearing through the internal cervical 
wall 
3 Additional procedures included adhesiolysis, myomectomy, ovarian cystectomy, endometriosis 
treatment, cystoscopy, and ureterolysis 
4 One TVC patient had a vaginal laceration; in TAC group, there were 2 uterine perforations and 
one uterine vein laceration/broad ligament arterial bleed 
 
 
 
Appendix Table C.1.4. Baseline characteristics of the cohort with complete follow-up (N=189) 
stratified by preterm delivery before 34 weeks. Percentages are of row totals. 
 
Characteristic N Overall  

(% of total N)1 
Preterm delivery before 34.0 

weeks1 

   No (N=164) Yes (N=25) 
Sociodemographic 

Age at delivery (years) 194 34.5 (5.4) 34.7 (5.1) 33.0 (6.9) 
Race 194    

Asian  24 (100%) 24 (100%) 0 (0%) 
Black or African American  54 (100%) 44 (81%) 10 (19%) 
Other  22 (100%) 19 (86%) 3 (14%) 
White  89 (100%) 77 (87%) 12 (13%) 

Hispanic ethnicity  
178 22 (100%) 19 (86%) 3 (14%) 

Public insurance 180 44 (100%) 38 (86%) 6 (14%) 
Comorbidities 

Body mass index (BMI, 
kg/m2) 166 28.8 (7.1) 28.5 (6.9) 31.1 (8.4) 

Pre-gestational hypertension 189 19 (100%) 16 (84%) 3 (16%) 
Renal disease 189 1 (100%) 1 (100%) 0 (0%) 
Type II diabetes  189 10 (100%) 8 (80%) 2 (20%) 
Pre-pregnancy smoking2 190    

Current  15 (100%) 10 (67%) 5 (33%) 
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Appendix Table C.1.4 (Continued) 
    

Former  16 (100%) 14 (88%) 2 (12%) 
Smoking during pregnancy2 193 8 (100%) 5 (62%) 3 (38%) 

Obstetric and gynecologic history  
Gravidity 189 3.4 (2.4) 3.3 (2.4) 3.5 (2.1) 
Parity 189 1.2 (1.1) 1.2 (1.1) 1.3 (1.2) 
Living children  189 0.6 (0.8) 0.6 (0.8) 0.6 (0.8) 
No. of prior sPTB or fetal 
losses <34 weeks (mean) 

194 1.5 (0.7) 1.4 (0.7) 1.9 (0.8) 

1  118 (100%) 110 (93%) 8 (6.8%) 
2  54 (100%) 41 (76%) 13 (24%) 
3  15 (100%) 12 (80%) 3 (20%) 
4  2 (100%) 1 (50%) 1 (50%) 

Prior failed TVC (any) 189 78 (100%) 68 (87%) 10 (13%) 
0  111 (100%) 96 (86%) 15 (14%) 
1  66 (100%) 56 (85%) 10 (15%) 
2  12 (100%) 12 (100%) 0 (0%) 

Prior cervical surgery 189 99 (100%) 88 (89%) 11 (11%) 
Assisted reproductive 
technology (ART) in index 
pregnancy 

189 48 (100%) 42 (88%) 6 (12%) 

1 n (%); Mean (SD) 
2 Self-reported 

 

Appendix Table C.1.5. Distribution of patients who were included in each treatment strategy for 
the pragmatic strategy sensitivity analysis.  
 

1 𝐼( = indicator for “highly indicated for TAC”; equals 1 for a woman with ≥ 1 prior failed TVC, 
>1 prior spontaneous delivery <34 weeks, and a history of cervical surgery, and 0 otherwise 
2 𝐼) = indicator for “weakly indicated for TAC”; equals 1 for a woman with no prior failed TVC, 1 
prior sPTB or late miscarriage <34 weeks, no use of ART in index pregnancy, and no prior cervical 
surgery, and 0 otherwise 
 
 
 

Treatment 
Strategy 

Subgroup of patients Treatment given in 
trial emulation 

No. (%) of patients 
meeting criteria (N=195) 
 

TAC   𝐼) = 11  𝑎 = 𝐴	 32 (16.4%) 
 𝐼) = 0  𝑎 = 1  164 (84.1%) 

 
TVC 𝐼( = 12 𝑎 = 𝐴  22 (11.3%) 
 𝐼( = 0  𝑎 = 0  173 (88.7%) 
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Appendix Table C.1.6. Sensitivity analyses for the effect of transabdominal cerclage, TAC, 
compared with transvaginal cerclage, TVC, on preterm delivery before 34 weeks.  
 
Estimate1 Risk, TAC (95% 

CI)  
Risk, TVC 
(95% CI) 

Risk difference 
(95% CI) 

Risk ratio 
(95% CI) 

Sensitivity 1: Excluding 
post-conception TACs  

7.1%  
(2.9%, 12.0%) 

17.8% 
(7.6%, 28.4%) 

-10.8% 
(-21.9%, 0.1%) 

0.40 
(0.16, 1.09) 

 
Sensitivity 2: Including 
censoring weights  

 
6.0% 
(2.5%, 10.1%) 

 
19.5% 
(7.7%, 31.5%) 

 
-13.5% 
(-25.4%, -0.7%) 

 
0.31 
(0.12, 0.92) 
 

Sensitivity 3: Effect for 
preterm delivery <32 
weeks 
 

2.4% 
(0.5%, 4.8%) 

16.0% 
(4.5%, 27.4%) 

-13.6% 
(-25.4%, -1.3%) 

0.15 
(0.03, 0.71) 

1 Conditional effect among those who survived pregnancy to 16 weeks and were uncensored, 
holding prior TVC constant 
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C.2 CHAPTER 3 SUPPLEMENTAL FIGURES 
 

 

Appendix Table C.2.1. Distribution of the gestational age at delivery among patients with a 
transabdominal cerclage who were delivered by planned Cesarean section (i.e., who did not have a 
spontaneous preterm birth or fetal loss). Shaded area represents 95% confidence interval. R, 
Pearson’s correlation coefficient; p, p-value.   
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C.3 CHAPTER 3 METHODS SUPPLEMENT

C.3.1 Overview and Data Set-Up

We used a marginal structural model to estimate pregnancy survival to 34.0 weeks via a two-stage 

process. First, we estimated each subject’s probability of receiving treatment (transabdominal versus 

transvaginal cerclage) by time interval 𝑡, and used these probabilities to calculate inverse probability 

of treatment weights. For the sensitivity analysis involving censoring weights, we also estimated the 

probability of being uncensored by time interval 𝑡 and used these probabilities to calculate inverse 

probability of censorship weights. Second, we estimated the association between treatment and the 

outcome (preterm delivery before 34.0 weeks) using a weighted regression model.  

The data was converted to time to event data by creating time intervals for each subject 

spanning 1 week, ranging from 16 weeks (because we conditioned on pregnancy survival to 16 

weeks) to 34.0 weeks, such that there were 18 time intervals for each subject. Indicator variables 

were used to denote whether each subject had the outcome or was censored (in the sensitivity 

analysis) in each time interval. 

C.3.2 Treatment weights

Treatment weights for the main analysis were created using the vector of potential baseline 

confounders, 𝐿"$: ≥ 2 prior spontaneous deliveries between ≥14 and <34 weeks, history of prior 

failed TVC, insurance status, age at cerclage placement (mean-centered), prior cervical surgery, Black 

or African American race, use of ART in the index pregnancy, and categories of year of delivery or 

loss to follow-up (2001-2005, 2006-2010, 2011-2015, 2016-2021). Weights were stabilized by 𝑉, 

prior failed TVC (yes/no):  

𝑆𝑊*
$ =

𝑓(𝐴*|𝑉*)
𝑓(𝐴*|𝐿"$* , 𝑉*)



 96 

Where 𝑓(𝐴*|𝑉*) = Pr	(𝐴 = 1|𝑉*) for an individual who received transabdominal cerclage 

conditional on that person’s covariates, and 𝑓(𝐴*|𝑉*) = Pr	(𝐴 = 0|𝑉*) for an individual who 

received in transvaginal cerclage conditional on that person’s covariates.  

We fit the following logistic regression models for the numerator and denominator of the 

treatment weights, respectively:  

𝑃𝑟[𝐴 = 1|𝑉] = expit 	(𝜃# + 𝜃!𝑉) 

𝑃𝑟[𝐴 = 1|𝑉, 𝐿"$] = expit	(𝜃# + 𝜃"+𝐿"$ + 𝜃,𝑉) 

 

C.3.3 Censoring weights 

In the sensitivity analysis using censoring weights, weights for loss to follow-up were calculated 

using parametric pooled logistic regression models, with time since baseline modeled flexibly using 

linear and quadratic terms, an indicator for treatment with transabdominal cerclage, 𝐴, and potential 

common causes of censorship, 𝐶, and preterm delivery before 34 weeks, 𝑌, 𝐿"' : age at cerclage 

placement (mean-centered), insurance status, and ≥ 2 prior spontaneous deliveries <34 weeks.  

Let 𝐶- be a dichotomous variable equal to 1 if a subject is censored in time interval 𝑡 and 0 

otherwise. 𝐶̅- denotes censorship history from 𝑘 = 1 to 𝑘 = 𝑡 − 1,	where 𝑘	is an index of 𝑡.	The 

stabilized inverse probability weight of censoring is:   

𝑆𝑊-,*
' =b

Pr(C/ = 0|C"01! = 0, 𝐴*) ∗ (1 − 𝐶0,*)
Pr	(C/ = 0|C"01! = 0, 𝐴* , 𝐿"',*)

-

02!

 

The numerator takes the value of zero for individuals who were censored by time 𝑘.  

We fit the following pooled logistic regression for the numerator and denominator of the 

censoring weights, respectively:  

𝑃𝑟[𝐶0 = 0|𝐴] = expite𝜃#,0 + 𝜃!𝐴f 
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𝑃𝑟[𝐶0 = 0|𝐴, 𝐿"'] = expit	(𝜃#,0 + 𝜃!𝐴 + 𝜃"+𝐿"') 

 

C.3.4 Subject-specific weights 

The weight for each subject-week for the main analysis is calculated as:  

𝑆𝑊-,* = 	𝑆𝑊*
$ 

and for the sensitivity analysis involving censoring weights is calculated as:  

𝑆𝑊-,* = 	𝑆𝑊*
$ ∗ 𝑆𝑊-,*

'  

The observation for each subject-interval was weighted by 𝑆𝑊-,* such that in the weighted analysis, 

each subject’s probability of being treated at baseline and censored at each time interval is 

independent of their baseline covariates. Weights were truncated at the 99th percentile.  

 

C.3.5 Marginal structural model (MSM)  

We fit the following pooled logistic regression model containing an indicator of treatment, 𝐴,	and 

the same flexible function of time with linear and quadratic terms:  

𝑃𝑟[𝑌- = 1|𝑌-1! = 0, 𝐴, 𝑉] = expit	(𝛼#,- + 𝛼!𝐴 + 𝛼"+𝑉) 

Where 𝑌- = 1 if the subject had a reoperation for ulnar neuropathy in half-week time interval 𝑡 and 

𝑌- = 0 otherwise.  

 

C.3.6 Effect estimation  

After fitting the MSM, the predict function was used to estimate hazards of preterm delivery for 

each subject for each time interval in two datasets: one representing the counterfactual scenario 

where all subjects received transabdominal cerclage, and one representing the counterfactual 

scenario where all subjects received transvaginal cerclage. Cumulative survival was calculated by 
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taking the cumulative product of (1-hazard) for each dataset, which was then converted to 

cumulative risk by taking (1- cumulative survival). Stratum-specific risks for preterm delivery before 

34 weeks were estimated by calculating the cumulative risk at 34.0 weeks for 𝑉 = 0 and 𝑉 = 1. 

Marginal risk estimates were calculated by multiplying the stratum-specific estimates by the marginal 

probabilities of 𝑉 = 1 and 𝑉 = 0, respectively. These estimates were subsequently used to calculate 

risk ratios and risk differences.  

These effect estimates have a causal interpretation holding prior failed TVC constant, among 

women who survived pregnancy to 16 weeks, under the assumptions of consistency, positivity, 

exchangeability (no unmeasured confounding given the included covariates), and a low weekly risk 

of preterm delivery within levels of those covariates.  

 

C.3.7 Pragmatic treatment strategies  

For the pragmatic treatment strategies, effect estimates were calculated as follows. First, we 

estimated the propensity score, 𝑃$, for treatment using the same covariates, 𝐿"$, as in C.3.2:  

𝑃*$ = 𝑓(𝐴*|𝐿"$*) 

Where 𝑓e𝐴*|𝐿"$*f = Pr	(𝐴 = 1|𝐿"$*) for an individual who received transabdominal cerclage 

conditional on that person’s covariates, and 𝑓e𝐴*|𝐿"$*f = Pr	(𝐴 = 0|𝐿"$*) for an individual who 

received transvaginal cerclage conditional on that person’s covariates.  

We fit the following logistic regression model to calculate each subject’s probability of 

treatment conditional on covariates and stored subject-specific probability as a variable in the dataset 

using the predict function:  

𝑝̂ = 𝑃𝑟[𝐴 = 1|𝐿"$] = expit	(𝜃# + 𝜃"+𝐿"$) 
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 Next, we created an indicator variable for whether a patient was “highly indicated’, 𝐼( , or 

“weakly indicated”, 𝐼), for transabdominal cerclage as follows:  

 

𝐼( = 1 for patients with ≥ 1 prior failed TVC, >1 prior spontaneous delivery <34 weeks, 

and a history of cervical surgery; and 0 otherwise 

𝐼) = 1 for patients with no prior failed TVC, 1 prior sPTB or late miscarriage <34 weeks, no 

use of ART in index pregnancy, and no prior cervical surgery; and 0 otherwise 

 

We then created two duplicates of the dataset: one for each of the two rules defined in Table 

3.1. For each data copy, we created an indicator variable to indicate whether a patient’s treatment 

and covariate history were consistent with that copy’s rule. If their data was consistent with the rule, 

they received a weight of !
34
; if their data was not consistent, they received a weight of 0. Patients for 

whom the rule was to receive natural treatment received a weight of 1. For example, for the rule “If 

𝐼) = 1, 𝑎 = 𝐴; otherwise, 𝑎 = 1”, patients with 𝐼)=1 received a weight of 1, patients with 𝐼)=0 

who received transabdominal cerclage received a weight of !
34
, and patients with 𝐼)=0 who received 

transvaginal cerclage received a weight of 0. All weights were truncated at the 99th percentile.  

Finally, we estimated the risk of preterm delivery before 34 weeks under each rule using the 

weighted mean function for all outcome observations in each data copy. Risk differences and ratios 

were calculated by taking the difference and ratio between the weighted mean for the two copies, 

respectively.   


