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Predicting Risk of Urinary Incontinence and
Adverse Events After Midurethral Sling
Surgery in Women
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OBJECTIVE: To construct and validate models that pre-

dict a patient’s risk of developing stress and urgency uri-

nary incontinence and adverse events 12 months after

sling surgery.

METHODS: This was a secondary analysis of four ran-

domized trials. Twenty-five candidate predictors (patient

characteristics and urodynamic variables) were identified

from the National Institute of Diabetes and Digestive and

Kidney Diseases Trial of Mid-Urethral Slings (N5597).

Multiple logistic models were fit to predict four different

outcomes: 1) bothersome stress urinary incontinence; 2)

a positive stress test; 3) bothersome urgency urinary

incontinence; and 4) any adverse event up to 12 months

after sling surgery. Model discrimination was measured

using a concordance index. Each model’s concordance

index was internally validated using 1,000 bootstrap sam-

ples and calibration curves were plotted. Final models

were externally validated on a separate data set

(n5902) from a combination of three different multicen-

ter randomized trials.

RESULTS: Four best models discriminated on internal

validation between women with bothersome stress uri-

nary incontinence (concordance index 0.728, 95% confi-

dence interval [CI] 0.683–0.773), a positive stress test

(concordance index 0.712, 95% CI 0.669–0.758), bother-

some urgency urinary incontinence (concordance index

0.722, 95% CI 0.680–0.764), and any adverse event (con-

cordance index 0.640, 95% CI 0.595–0.681) after sling sur-

gery. Each model’s concordance index was reduced as

expected when important variables were removed for

external validation, but model discrimination remained

stable with bothersome stress urinary incontinence (con-

cordance index 0.548), a positive stress test (concordance

index 0.656), bothersome urgency urinary incontinence

(concordance index 0.621), and any adverse event (con-

cordance index 0.567). Predicted probabilities are closest

to actual probabilities when predictions are less than 50%.

CONCLUSION: Four best and modified models discrim-

inate between women who will and will not develop

urinary incontinence and adverse events 12 months after

midurethral sling surgery 64–73% and 55–66% of the

time, respectively.

(Obstet Gynecol 2016;127:330–40)
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A recent Cochrane review of 81 trials involving sur-
gery for stress urinary incontinence (SUI) in more

than 12,000 women concluded that inserting a midure-
thral sling to support the urethra using a retropubic or
transobturator approach results in similar cure rates
but differences in complications and need for retreat-
ment.1 These data support the use of synthetic midure-
thral slings as effective and safe treatments for women
with SUI. However, given the increased media atten-
tion and litigation associated with transvaginal mesh,
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including slings, there is an urgent need for surgeons
to understand and more accurately convey specific
risks and benefits of these surgeries at the individual
patient level rather than providing the average rates
seen across patient populations from the literature.
This will allow a woman to carefully balance a number
of factors for her specific situation when choosing this
commonly performed operation.2

Predictive analytic techniques incorporate data
from surgical trials and systematic reviews into
prognostic models that estimate the likelihood of
these important events occurring for an individual
patient.2 Moreover, there have been recent proposals
that predictive tools should become part of essential
recommendations for clinical care and included
into guideline recommendations.3–6 Despite their
increased use in many areas involving nonsurgical
decisions, the availability of predictive analytic tools
and their use during the surgical consent process are
less well characterized.

The aims of this study were to 1) develop; 2)
internally validate; and 3) externally validate clinical
prediction models to predict a patient’s risk of both-
ersome SUI, a positive urinary stress test, bothersome
urgency urinary incontinence (UUI), and developing
an adverse event 12 months during or after midure-
thral sling surgery for SUI. Our hypotheses were that
prediction models could be developed to predict these
outcomes using patient characteristics and urodynam-
ic measures.7 Although we specifically tested the
hypotheses that these models would discriminate bet-
ter than chance (concordance index 0.5), our aim was
to make the most accurate models possible and report
how well they perform. Because there is large variabil-
ity in the predicted rates given to patients and clinical
prediction models show consistent superiority over
expert clinicians as a result of physician cognitive
biases, we assume that there is added value in using
prediction models to provide more accurate estimates
of risk to patients.3–5

MATERIALS AND METHODS

This study was a secondary analysis of four random-
ized trials. The study received institutional review
board exemption status because two trials were
analyses of publicly available data sets and two were
from previously approved institutional review board-
approved trials at our institution. This study was
conducted using methods set forth in the Transparent
Reporting of a multivariable prediction model for
Individual Prognosis Or Diagnosis (TRIPOD): the
TRIPOD Statement.6 The source of data for develop-
ing and internally validating all models came from

597 participants in the Trial of Mid-Urethral Slings
data set (ClinicalTrials.gov number NCT00325039)
available from the National Institute of Diabetes
and Digestive and Kidney Diseases Central Reposito-
ries (https://www.niddkrepository.org).7 The Trial of
Mid-Urethral Slings was a multicenter, randomized
equivalence trial comparing outcomes with retropubic
and transobturator midurethral slings in women with
SUI. Details about study participants, setting, loca-
tions, eligibility criteria, and treatments received dur-
ing the study are available elsewhere.7,8 The primary
outcome of Trial of Mid-Urethral Slings was treat-
ment success at 12 months after surgery according
to both objective criteria (a negative stress test, a neg-
ative pad test, and no retreatment) and subjective cri-
teria (self-reported absence of symptoms, no leakage
episodes recorded, and no retreatment).7,8

As a result of limitations on how to best define
successful and unsuccessful treatment of urinary
incontinence, we elected to model both subjective
SUI and UUI outcomes and objective SUI outcomes.
Subjective SUI and UUI outcomes were considered
positive if they were considered by the patient as at
least “bothersome.” Bothersome symptoms are most
meaningful from the patient’s perspective and capture
overall benefits and harms of managing a condition.
Bothersome SUI at 12 months after surgery was
defined by the self-reported Urinary Distress Inven-
tory stress item: Do you currently experience urine
leakage related to physical activity, coughing, or
sneezing? If yes, how bothersome?9 Similarly, bother-
some UUI at 12 months was defined by Urinary
Distress Inventory urge item: Do you currently expe-
rience urine leakage related to the feeling of urgency?
If yes, how bothersome? In each case, a response of
no or not at all bothersome was considered negative
and slightly bothersome, moderately bothersome, or
greatly bothersome was considered a positive
response. The 19-item Urinary Distress Inventory is
a valid and reliable urinary incontinence symptom-
specific questionnaire that has demonstrated discrim-
inatory validity among known subtypes of urinary
incontinence (stress, urge, and mixed) and is respon-
sive to change.9,10 Objective SUI was defined as the
presence of leaking (positive) visualized during a uri-
nary stress test at a bladder volume of 300 mL or less
at 12 months after midurethral sling placement. Uro-
dynamic testing in the Trial of Mid-Urethral Slings
was performed in accordance with International Con-
tinence Society guidelines.11,12 The reporting of
adverse events and the classification of the severity
of events were also standardized across sites with the
use of specific prespecified definitions of events and
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a modified version of the classification system of Din-
do et al.7,13 For this study, the same definition of an
adverse event was used as in the Trial of Mid-Urethral
Slings and was considered to have occurred if an
adverse event was recorded in the data set at the time
of surgery or any time up to and including 12 months
after surgery (footnote in Table 1).

Multiple logistic models were fit to predict four
different outcomes: 1) bothersome SUI; 2) a positive
stress test; 3) bothersome UUI; and 4) any adverse
event up to 12 months after sling surgery. All pre-
diction models were developed and internally vali-
dated using Trial of Mid-Urethral Slings data from
participants with 1-year outcomes. A priori, investi-
gators identified 82 candidate risk factors that could
be considered during clinical counseling to estimate
a patient’s risk of having SUI, UUI, or an adverse
event after surgery. Candidate variable parity (zero,
one, two, three, four or more), pelvic organ prolapse
quantification (POP-Q) point Ba (less than +1 com-
pared with +1 or greater), and POP-Q point C (less
than +1 compared with +1 or greater) were modeled
as discrete ordered values and as continuous values.
Each symptom severity scale score or quality-of-life
question response was modeled as a candidate
predictor with total scale scores and subscale scores

considered as continuous variables and question re-
sponses as categorical and ordered discrete variables.

Multiple logistic regression models were fit onto
the data set using the identified candidate risk factors
and outcomes from the Trial of Mid-Urethral Slings.
Missing risk factor values were assessed for missing at
random, and multiple imputation using chained
equations were used to calculate missing values.18

The outcomes for all models were based only on
actual and not imputed events, whereas imputed val-
ues for risk factors may have been used to predict
outcomes in each model. Variable selection process
was performed using Harrell’s “model approxima-
tion” process of backward elimination to rank the var-
iables in order of importance starting from the full
model using a bootstrap bias-corrected concordance
index as the stopping criteria to find the best parsimo-
nious model.19 As recommended, variables with indi-
vidual P values that were ..05 were left in the model
if they offered information to improve the overall
model accuracy. The removal of each variable was
evaluated by determining which variable had the
smallest effect on the R2 and was stopped when the
bootstrap concordance index had a change ,0.01.
This process provides the best fit parsimonious model
that was compared with the full model to determine

Table 1. Models to Predict Urinary Incontinence Outcomes and Adverse Events 12 Months After
Midurethral Sling Surgery

Outcome

Best Parsimonious Models Modified Parsimonious Models

Internal Validation*
(n5597)

Internal Validation
(n5597)

External Validation†

(n5902)

No. of
Predictors

Concordance
Index 95% CI

No. of
Predictors

Concordance
Index 95% CI P‡

Concordance
Index P§

Bothersome
SUI

10 0.728 0.683–0.773 15 0.718 0.674–0.765 .503 0.548 ,.001

Stress test 10 0.712 0.669–0.758 13 0.697 0.651–0.739 .834 0.656 .486
Bothersome
UUI

22 0.722 0.680–0.764 12 0.697 0.651–0.740 .547 0.621 .034

Any adverse
eventk

10 0.64 0.595–0.681 11 0.636 0.563–0.681 .843 0.567 .114

SUI, stress urinary incontinence; UUI, urgency urinary incontinence.
* Model building and internal validation were performed using the Trial of Mid-Urethral Slings data set.7,8
† External validation was performed using a data set from three combined clinical trials.14–17
‡ Best compared with modified models.
§ Modified models compared with external validation.
jj Adverse events in the Trial of Mid-Urethral Slings were considered positive if investigators responded yes to “Did any adverse events or

complication occur during surgery” after surgery and at hospital discharge or “Did any adverse events or complications other than
voiding dysfunction, urge incontinence, or pain occur since the last study visit?” Adverse events included: bladder or urethral perfo-
ration, acute renal failure, anesthetic complication, device malfunction, deep vein thrombosis, pulmonary embolus, myocardial infarc-
tion, cerebrovascular accident, death, intraoperative or postoperative bleeding, injury (bowel, rectal, vascular), mesh erosion, mesh
exposure, surgical site infection (superficial, deep, organ or space), recurrent urinary tract infection, fistula (vesicovaginal, urethrova-
ginal, enterovesical, rectovaginal), neurologic symptoms, granulation tissue, or other. Specific adverse events were not provided in the
public data set.7,8
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which was more accurate. Overall, 82 candidate risk
factors were identified in the Trial of Mid-Urethral
Slings data set; 50 were eliminated during the back-
ward elimination process leaving 32 risk factors ulti-
mately used to build and internally validate the best
models. Twenty-five of 82 candidate variables were
identified in the Trial of Mid-Urethral Slings data set
that were also present in the external validation data
set and 23 of these variables were used to build the
modified models after variable reduction.

Each logistic model’s discriminative ability was
measured using the concordance statistic or c-statistic.
The concordance index is a measurement of the mod-
el’s ability to discriminate between high- and low-risk
patients. Given a pair of individuals, in which one has
the outcome and the other does not, the concordance
index is the proportion of pairs in which the model
will yield a higher predicted risk for the first patient
than for the second. Values closer to 1 indicate better
discrimination between patients with and without the
outcome and a value of 0.5 indicates that the model is
no better than chance. All concordance indices were
internally validated using 1,000 bootstrap samples to
correct for bias and overfitting within the model. The
bootstrapping method of validation has been shown
to be superior to other approaches to estimate internal
validity such as split-sample methods.20 The concor-
dance index measures the ability of the model to rank
patients from high to low risk but does not assess the
ability of a model to assign accurate probabilities of an
event occurring (that is measured by the model’s
calibration curve). Calibration curves were plotted
to depict the relationship between the model’s pre-
dicted outcomes against the cohort’s observed out-
come, where a perfectly calibrated model follows
a 45° line. Finally, Brier scores are also reported as
a measure of overall performance and most similar to
a model’s R2.21

The external validation data set consisted of three
combined data sets (n5902) from previously per-
formed multicenter randomized trials involving 15
different centers in the United States: 1) the Value
of Urodynamic Evaluation trial (n5596) obtained
from the National Institute of Diabetes and Digestive
and Kidney Diseases Central Repository14,15; 2) a trial
of transobturator tape compared with tension-free
vaginal tape for the treatment of SUI16; and 3) a mul-
ticenter trial comparing single-incision minisling com-
pared with tension-free vaginal tape for the treatment
of SUI.17 A summary of each trial is displayed in
Appendix 1, available online at http://links.lww.
com/AOG/A768, and details about each study are
available elsewhere.14–17 Participants in the Value of

Urodynamic Evaluation study who received a tradi-
tional bladder neck sling (approximately 4%, n534)
were excluded from the data set. We were unable to
exclude participants in the Value of Urodynamic
Evaluation study who received a minisling (only 10
participants, less than 2%) because these patients were
indistinguishable from those in the transobturator
group in the public use data set. Participants who
received the minisling in the Barber et al 2012 study
were also excluded (n5127) from the external valida-
tion data set.

For this study, it was known that of the 45
predictors identified while building the best models
using the Trial of Mid-Urethral Slings data set, only
25 were present in the external validation data sets.
Therefore, we chose to build two sets of models for
each outcome: 1) models with the best available
predictors from the Trial of Mid-Urethral Slings
resulting in four “best” parsimonious models; and 2)
a second set of models using predictors present in all
data sets resulting in four “modified” parsimonious
models, which could be externally validated on the
available data sets. This study reports both sets of
models so users could decide which models to use
for their own situation. We hypothesized that each
best model’s accuracy would drop as these important
variables were removed for external validation but
that each modified parsimonious model would con-
tinue to discriminate and have predictions close to
actual probabilities of each outcome on the external
data set making them ready for clinical use. All anal-
yses were performed using R 2.15.2.

RESULTS

There were a total of 1,499 women with data available
12 months after surgery (Trial of Mid-Urethral Sling-
s5597, Value of Urodynamic Evaluation5596, a trial
of transobturator tape compared with tension-free vag-
inal tape5170, and a multicenter trial comparing sin-
gle-incision minisling compared with tension-free
vaginal tape5136). Four prediction models were fit to
the Trial of Mid-Urethral Slings data set including: one
to predict bothersome SUI, one to predict a positive
stress test, one to predict bothersome UUI, and one to
predict any adverse event within or up to 12 months
after midurethral sling placement. The concordance
indices of all models are shown in Table 1. The unad-
justed comparisons of the Trial of Mid-Urethral Slings
and external validation data set by outcome are pro-
vided in Table 2 and Appendices 2–5, available online
at http://links.lww.com/AOG/A769, http://links.lww.
com/AOG/A770, http://links.lww.com/AOG/A771,
and http://links.lww.com/AOG/A772, respectively.
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Table 2. Candidate Predictors of Bothersome Stress Urinary Incontinence in the Trial of Mid-Urethral
Slings and External Validation Data Set

Variable

Bothersome SUI

TOMUS7,8 External14–17

Yes [112 (21)] No [414 (79)] P Yes [131 (17)] No [620 (83)] P

Age 53.1 (48.0–62.1) 51.6 (45.9–60.5) .128 55.6 (48.3–63.6) 50.5 (44.3–58.4) ,.001
Race

Caucasian 98 (87) 326 (79) .038 113 (86) 519 (85) .73
Other 14 (13) 88 (21) 18 (14) 91 (15)

Parity
0 18 (16) 46 (72) .045 14 (11) 61 (10) .303
1 25 (22) 63 (15) 21 (16) 104 (17)
2 23 (21) 141 (34) 56 (43) 226 (37)
3 29 (26) 99 (24) 31 (24) 142 (23)
4 or greater 17 (15) 65 (16) 9 (7) 82 (13)

Menopausal state
Yes 79 (75) 277 (69) .232 56 (43) 293 (48) .344
No 26 (25) 123 (31) 74 (57) 322 (52)

POP-Q Ba
Less than +1 105 (94) 377 (91) .363 120 (67) 569 (96) .563
+1 or greater 7 (6) 37 (9) 4 (3) 26 (4)

POP-Q C
Less than +1 106 (95) 393 (95) .904 123 (99) 586 (98) .484
+1 or greater 6 (5) 21 (5) 1 (1) 13 (2)

Hormonal therapy
Yes 30 (27) 127 (31) .448 40 (31) 171 (28) .496
No 81 (73) 286 (69) 90 (69) 444 (72)

Prior pelvic surgery
Yes 78 (70) 297 (72) .734 82 (63) 375 (61) .73
No 33 (30) 116 (28) 49 (37) 240 (39)

Pretreatment with a medication
Yes 36 (32) 120 (29) .517 32 (24) 123 (20) .253
No 76 (68) 294 (71) 99 (76) 493 (80)

UDI stress score 83.3 (66.7–83.3) 83.3 (50.0–95.8) .076 83.3 (66.7–100) 83.3 (50–100) .25
Feeling of incomplete bladder

emptying?
Yes 52 (46) 230 (56) .077 63 (49) 273 (45) .373
No 60 (54) 182 (44) 65 (51) 335 (55)

Urine leakage related to a feeling
of urgency?

Yes 72 (64) 282 (69) .386 88 (69) 387 (64) .274
No 40 (36) 129 (31) 40 (31) 221 (36)

Pain in the lower abdominal or
genital area?

Yes 23 (20) 74 (18) .52 27 (21) 117 (19) .638
No 89 (80) 340 (82) 101 (79) 490 (81)

Heaviness or dullness in the pelvic
area?

Yes 32 (29) 102 (25) .405 36 (28) 167 (27) .868
No 80 (71) 311 (75) 94 (72) 452 (73)

Frequent urination?
Yes 85 (76) 271 (65) .037 82 (64) 383 (63) .837
No 27 (24) 143 (35) 46 (36) 224 (37)

Entertainment activity limited by
urinary leakage?

Yes 80 (71) 228 (55) .002 77 (61) 306 (50) .037
No 32 (29) 185 (45) 50 (39) 301 (50)

(continued )
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Users can enter predictor values using the online cal-
culator (http://rcalc.ccf.org) to view predicted probabil-
ities of each outcome.

Data from 526 patients were used to predict
bothersome SUI, with 112 (21%; 71 missing) patients
reporting bothersome SUI at 12 months (Table 2).
Data from all 597 Trial of Mid-Urethral Slings partic-
ipants were used to predict a positive stress test, and
128 (21%) experienced a positive stress test at 12 months
(Appendix 2, http://links.lww.com/AOG/A769). The
best parsimonious model accurately discriminated
between women with and without bothersome SUI
72.8% of the time (concordance index 0.728, 95%
confidence interval [CI] 0.683–0.773, Brier score 0.
152, 95% CI 0.134–0.173) and between women with
a positive stress test 71.2% of the time (concordance
index 0.712, 95% CI 0.669–0.758, Brier score 0.155,
95% CI 0.137–0.174). Appendix 6, available online at
http://links.lww.com/AOG/A773, lists the predictors
included in the best and modified models along with
their parameter estimates and the direction each vari-
able contributes to the predicted risk. For example,

age has a parameter estimate of 0.0592 in the modi-
fied bothersome SUI model; this indicates that a one-
unit increase in age is associated with an increase in
the log odds of bothersome SUI by 0.0592 units. For
categorical variables, Caucasian race has a parameter
estimate of 20.538 in the modified any adverse event
model; this indicates that being Caucasian is associ-
ated with a decrease in the log odds of developing an
adverse event by 0.538 units.

The best bothersome SUI model included 10
predictors including age, race, parity, menopausal
status, Urinary Distress Inventory irritative, Urinary
Distress Inventory stress, Urinary Distress Inventory
obstructive, feeling of incomplete emptying, leaking
related to urgency, and limitations in entertainment
activities. The best stress test model also included 10
predictors including: age, parity, menopausal status,
pretreatment with a device for urinary incontinence,
Urinary Distress Inventory irritative symptom score,
POP-Q point Ba, maximum flow, pressure flow voiding
pattern, any concomitant surgical procedure, and sling
type (Appendix 6, http://links.lww.com/AOG/A773).

Table 2. Candidate Predictors of Bothersome Stress Urinary Incontinence in the Trial of Mid-Urethral
Slings and External Validation Data Set (continued )

Variable

Bothersome SUI

TOMUS7,8 External14–17

Yes [112 (21)] No [414 (79)] P Yes [131 (17)] No [620 (83)] P

Recreational activity limited by
urinary leakage?

Yes 95 (85) 349 (85) .935 114 (89) 530 (87) .586
No 17 (15) 64 (25) 14 (11) 77 (13)

Emotional health limited by
urinary leakage?

Yes 87 (78) 277 (67) .031 91 (72) 387 (64) .094
No 25 (22) 136 (33) 36 (28) 219 (36)

Frustration resulting from urinary
leakage?

Yes 102 (91) 359 (87) .214 120 (94) 544 (90) .151
No 10 (9) 55 (13) 8 (6) 63 (10)

Maximum flow 24 (15.3–31.5) 23.3 (16.8–30.0) .838 22 (15.2–30.3) 21 (14–29.8) .388
Bladder volume at MCC 334 (261.8–396) 338.5 (273–403.2) .595 364 (299–458) 367 (300–466.2) .362
Void volume 267 (216–344) 293 (214–351.8) .451 183 (97.5–267.5) 187 (90.8–302.8) .727
Lowest Valsalva leak point

pressure
84.8 (66–116.2) 91 (65–118.2) .386 103 (69–181) 108 (74–151.2) .998

Concomitant surgical procedures
Yes 28 (25) 104 (25) .971 37 (28) 176 (29) .932
No 84 (75) 310 (75) 94 (72) 439 (71)

Type of midurethral sling
Retropubic 51 (45) 213 (51) .267 95 (72) 443 (72) .806
Transobturator 61 (55) 201 (49) 36 (28) 177 (28)

SUI, stress urinary incontinence; TOMUS, Trial of Mid-Urethral Slings; POP-Q, pelvic organ prolapse quantification; UDI, Urinary Distress
Inventory; MCC, maximum cystometic capacity.

Data are n (%) or median (interquartile range) unless otherwise specified.
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Figures 1 and 2 demonstrate the calibration
curves for the best and modified bothersome SUI
and stress test models during internal calibration,
respectively. Both models assigned accurate probabil-
ities of each event occurring when predictions ranged
from 0 to 40–50%. Both bothersome SUI models had
a tendency to assign higher than actual probabilities as
the predictions started to approach 40% or greater.
However, this only occurred in a very small subset
of the population.

A total of 526 patients was used to build a model
to predict UUI because 71 patients were missing
result information (Appendix 3, http://links.lww.
com/AOG/A770). Overall, 135 (26%) reported both-
ersome UUI and 391 (74%) did not report bother-
some UUI at 12 months. The best parsimonious
UUI model accurately discriminated between women
with and without bothersome UUI 72.2% of the time
(concordance index 0.722, 95% CI 0.680–0.764, Brier
score 0.174, 95% CI 0.155–0.195) after midurethral
sling surgery. The best UUI model included 22 pre-
dictors that are listed in Appendix 6 (http://links.lww.
com/AOG/A773). Maximum flow rate, maximum
cystometric capacity, and lowest Valsalva leak point
pressure improved accuracy of predicting bothersome
UUI, whereas sling type did not.

All 597 patients were used to predict the adverse
events model. One hundred eighty-four (31%) expe-
rienced an adverse event and 413 (69%) did not
experience an adverse by 12 months (Appendix 4,
http://links.lww.com/AOG/A771). The best parsimo-
nious model accurately discriminated between
women with and without any adverse event after sling

surgery 64% of the time (concordance index 0.640,
95% CI 0.595–0.681, Brier score 0.206, 95% CI 0.
191–0.225). The best model included 10 predictors
including: race, parity, education, urine leakage
related to urgency, pain in the abdominal or genital
area, frustration resulting from urinary leakage,
maximum capacity, Valsalva leak point pressure, con-
comitant surgical procedures, and sling type (Appen-
dix 6, http://links.lww.com/AOG/A773). Sling type
increased predictive accuracy in determining who
would experience an adverse event with transobturator
slings reducing risk compared with retropubic slings.

Figures 3 and 4 demonstrate the calibration
curves for the UUI and adverse event models, respec-
tively. The best and modified UUI models had
accurate predictions along a range of predicted prob-
abilities. The best UUI model assigned accurate prob-
abilities of developing UUI when predicted
probabilities were between 0% and 40% but had a ten-
dency to assign higher predicted probabilities than
actual as probabilities approached approximately
40–50% or greater. The best and modified adverse
event models had a tendency to assign slightly lower
than actual probabilities of developing an adverse
event when predicted probabilities were less than
20% and assigned higher than actual probabilities
when predicted probabilities exceeded 50–60%.

Several urodynamic parameters added value to
predicting the outcomes in this study and remained in
the best and modified models (Table 1). Maximum
flow rate using noninstrumented flowmetry and the
type of voiding pattern (pure or predominate abdom-
inal, pure or predominate detrusor, mixed or

Fig. 1. Calibration curves for the best bothersome stress urinary incontinence (SUI) model (A) and the modified bothersome
SUI model (B).
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indeterminate or uninterpretable) on a pressure flow
study were useful in predicting an individual having
a positive stress test (increase in concordance index of
0.001) and bothersome UUI (increase in concordance
index of 0.002). Increasing bladder volume to achieve
maximum cystometric capacity was associated with
increased accuracy in discriminating patients with
UUI (increase in concordance index of 0.013) and
developing an adverse event (increase in concordance
index of 0.018), whereas higher Valsalva leak point
pressures predicted lower risk of UUI (increase in
concordance index of 0.009) and developing an
adverse event (increase in concordance index of
0.012). Lowest Valsalva leak point pressure did not
increase predictive accuracy for either the stress test or

bothersome SUI models. It is recognized that not all
health care providers have access to urodynamics.
Therefore, models were also created that did not
consider urodynamic parameters. The concordance
indices and calibration curves are presented in
Appendix 7, available online at http://links.lww.
com/AOG/A774.

The external validation data set to test the models
consisted of 902 patients (Value of Urodynamic
Evaluation n5596, Barber et al 2008, n5170, Barber
et al 2012, n5136). A comparison among the demo-
graphics, predictors, and outcomes from the Trial of
Mid-Urethral Slings data set and the external valida-
tion data set are provided in Appendix 5, http://links.
lww.com/AOG/A772. The predictors and their

Fig. 2. Calibration curves for the best stress test model (A) and the modified stress test model (B).
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Fig. 3. Calibration curves for best bothersome urgency urinary incontinence (UUI) (A) and modified bothersome UUI (B).
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parameter estimates for these modified models are
located in Appendix 6 (http://links.lww.com/AOG/
A773). All concordance indices in the modified mod-
els were slightly lower than the best performing mod-
els but were able to discriminate 55–66% of the time
when externally validated using the data set from
three combined trials as shown in Table 1 (modified
bothersome SUI [concordance index 0.548], modified
positive stress test [concordance index 0.656], modi-
fied bothersome UUI [concordance index 0.621], and
modified any adverse event [concordance index 0.
567]). Sling type improved accuracy of predictions
in the best and modified stress test and adverse event
models. Sling type did not improve accuracy of pre-
dictions in either UUI model and when the bother-
some SUI model was modified for external validation,
sling type did improve accuracy.

DISCUSSION

Our study has demonstrated that clinical prediction
models can be developed that can discriminate
between women with and without recurrent bother-
some SUI, having or not having a positive stress test,
with or without bothersome UUI, and developing or
not developing an adverse event 12 months after
midurethral sling surgery for SUI 55–73% of the time.
These models are most accurate when predicted prob-
abilities are less than 50% and begin to have higher
predicted probabilities than actual probabilities when
actual risk is higher than 50%. Consistent with recent
systematic reviews, sling type (retropubic or transob-
turator) is an important predictor of bothersome SUI,
stress test, and adverse events 12 months after

midurethral sling placement but not bothersome
UUI. Additionally, when specific variables such as
urodynamic predictors are available and combined
with patient variables, the discriminatory ability of
the models improves. This highlights an important
distinction for future researchers to make when a study
is attempting to predict an outcome compared with
when they are investigating whether individual risk
factors are associated with an outcome. In prediction,
the aim is to build the best predictive model to pro-
vide the most accurate estimate to the patient to make
a decision. Therefore, less consideration is paid
whether one of the risk factors is independently and
significantly associated with the outcome; but rather,
does the risk factor help improve overall accuracy
when all other included factors are known? When
making traditional decisions about inference, or cause
and effect, one specifically wants to understand the
independent relationship between a risk factor and
outcome. This is a fundamental difference that ex-
plains why some risk factors are or are not present
in the models for each outcome.

A recent Cochrane systematic review found
moderate quality evidence that up to 1 year after
midurethral sling placement for SUI, the rate of
subjective cure of transobturator and retropubic
approaches is similar with cure rates ranging from
62% to 98% in the transobturator group and from 71%
to 97% in the retropubic group.1 The majority of
adverse events were higher using the retropubic
approach and included major vascular or visceral
injury, postoperative voiding dysfunction, and higher
mean operating time, operative blood loss, and length

Fig. 4. Calibration curves for the best adverse event model (A) and the modified adverse event model (B).
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of hospital stay, whereas rates of groin pain were
lower than the transobturator group.1 Although both
routes offer comparable efficacy and many surgeons
will choose one type of sling over another depending
on the patient’s risk profile and tolerance for adverse
events, the Cochrane findings highlight the need for
a balanced discussion of risks and benefits of each
approach and the need to provide more accurate
estimates at the individual level. Additionally, most
recent American College of Obstetricians and Gyne-
cologists and National Institute for Health and Care
Excellence guidelines for the evaluation and treat-
ment of urinary incontinence do not recommended
the performance of multichannel filling and voiding
cystometry in the preoperative evaluation of women
with uncomplicated SUI because additional diag-
nostic evaluation with this testing compared with
basic evaluation does not appear to affect treatment
outcomes.22,23 However, studies included in these
guidelines investigated urodynamic parameters as
independent predictors using traditional hypothesis-
generating epidemiologic approaches rather than
using more powerful predictive analytic methods
focused on optimizing predictive accuracy while
accounting for important contributing risk factors.
Additionally, none of these studies investigated pre-
dictive accuracy using combined data sets that have
higher statistical power to detect small but important
predictive differences. For example, in a separate
study using the Trial of Mid-Urethral Slings data set,
Nager et al reported that women with low Valsalva
leak point pressures are nearly twofold more likely to
experience SUI 1 year after surgery but no specific cut
point was determined for predicting failure and the
study did not use recent recommendations for report-
ing methods and results of multivariable prediction
models for individual prognosis.11

This study makes an important contribution to
clinical care and supports existing guidelines by
providing tools that surgeons and patients can use to
obtain more accurate predictions of important out-
comes after surgery for SUI. These prediction models
are timely and could aid surgeons given the available
evidence and increased scrutiny by health care
organizations and national safety advisors. They were
developed from and tested in large, multicenter
randomized trials with subjective and objective out-
come measures in diverse patient populations across
the United States. Although the best models could not
be externally tested given the lack of consistent
predictors collected across the different studies, we
were able to rebuild each model using a set of
commonly collected predictors and demonstrate

acceptable discrimination 55–66% of the time when
actual predictions were than 50% without much loss in
accuracy.

This study has limitations in that our models are
not perfect. In theory, a mathematical model could
have close to perfect predictions (concordance index
of 1) if all possible predictors of the outcome are
known.2 This is not currently possible because only
a portion of the information we collect in surgical
trials or in clinical care explains the variation in out-
comes resulting in models that are conditional on the
predictors included in each data set. However, these
models advance our current abilities to predict an
individual’s rate better than providing average event
rates from groups of patients in a clinical trial or
a range from systematic reviews. Additionally, we
were unable to model important distinct adverse
event outcomes such as mesh exposure resulting from
infrequent occurrence or inconsistent data collection
across the studies. We are also unable to separate
patients who had a transobturator sling from those
who had a minisling placed in the Value of Urody-
namic Evaluation data set although this was a rela-
tively small contribution to the external data set as
a whole (10/902 patients in external validation only)
and therefore should minimally influence that predic-
tor’s estimates.14

Future considerations include updating the mod-
els as new predictors become available and testing
the models in new larger data sets from different
international settings. As new information becomes
available about factors that affect these important
outcomes after surgery for SUI, predictive analytics
can incorporate this information into existing or new
models. As predictive tools gain more widespread
use in clinical care, they can be included in guide-
lines and care pathways for consistent clinical use
and future testing. Although these prediction models
are available to provide valid individualized esti-
mates of a patient having incontinence and an
adverse event 12 months after midurethral sling
surgery, caution should be used because these
models imperfectly explain clinical outcomes requir-
ing surgeons to understand the limitations of each
model and recognize that additional factors not
included in each model may alter the likelihood of
an event occurring.
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