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Neeld, Jr., MD4, K Doug Smith, MD*, Alan R Kaplan, MD*

INSF-Whitaker Center for Operations Research in Medicine and HealthCare; 2NSF I/UCRC Center for
Health Organization Transformation; *School of Industrial and Systems Engineering, Georgia Institute o
f Technology, Atlanta, GA. “Northside Hospital Department of Anesthesia, Atlanta, GA

Abstract

This study investigates the safety and efficacy of a large-dose, needle-based epidural technique in obstetric anesthesia.
The technique differs from a standard, catheter-based approach in that the anesthetic dose is administered through
an epidural needle prior to insertion of the epidural catheter. Using a data-driven informatics and machine learning
approach, our findings show that the needle-based technique is faster and more dose-effective in achieving sensory
level. We also find that injecting large doses in the epidural space through the epidural needle is safe, with
complication rates similar to those reported in published literature for catheter-based technique. Further, machine
learning reveals that if the needle dose is kept under 18 ml, the resulting hypotension rate will be significantly lower
than published results. The machine learning framework can predict the incidence of hypotension with 85% accuracy.
The findings from this investigation facilitate delivery improvement and establish an improved clinical practice
guideline for training and for dissemination of safe practice.

Corresponding author: Eva K Lee, eva.lee@gatech.edu

1. Introduction

The potential consequences of failed or misplaced epidural needles are well known to obstetric anesthesiologists. A
well-documented epidural complication, a “wet tap,” results in a headache and possible total spinal anesthesia/block,
requiring immediate maintenance of the patient’s airway and blood pressure. The inadvertent intravenous injection of
local anesthetic into a vein in the epidural space leads to seizures and fatal cardiac arrhythmias. Equally worrisome is
the inadequate epidural block leading to complications during a caesarian section. These complications include an
emergency general anesthetic, resulting in airway loss, hypoxemia, hypercarbia and death'3. However, to date, limited
research has been performed regarding standardization of the epidural anesthesia procedure to avoid practice variance
with minimal complications.

Traditionally, the epidural catheter is placed, aspirated, and a test dose of medication is given to detect the
possibility of an intravascular (IV) or intrathecal (IT) catheter prior to administering additional doses of local
anesthetic and opioids. More rapid injection is often possible through the epidural needle given the relatively larger
gauge and shorter length compared to a catheter,* which could potentially enhance the spread of medication within
the epidural space. However, there have been very few studies in which anesthesia providers have initiated labor
analgesia by injecting medications through the epidural needle immediately after loss of resistance in order to achieve
faster onset of pain relief.> The rationale for potentially improved analgesia onset with epidural needle injection is
uncertain. In addition to faster onset of analgesia, it has been reported that dosing through the epidural needle may
result in improved quality of epidural anesthesia compared to dosing through the catheter.® However, other
investigations in obstetric” and non-obstetric® patients receiving epidural anesthesia have observed similar onset and
quality of surgical anesthesia as well as similar level of sensory blockade when dosing through the needle versus the
catheter. In a small double-blinded prospective investigation (n=60), Ristev et al. 2017° directly compared needle and
catheter injection of epidural medications for the initiation of labor analgesia. Their results observed that epidural
needle and catheter injection of medications result in similar onset of analgesia and sensory blockade, quality of labor
analgesia, patient satisfaction, and complication rates. To date little is known regarding practice and patient outcome
related to large doses of local anesthetic injected through the epidural needle.

In this paper, we perform an in-depth study of epidural process to capture practice variance and quantify the time
and dose required to achieve the desired sensory level. In particular, using a data-driven and machine learning approach,
we establish a safe and quickly effective epidural dose that can be administered through the epidural needle prior to
the insertion of the epidural catheter. Based on clinical results, we quantify complications for doses as large as 20 ml
that is injected through the epidural needle. We contrast the proficiency of physician practice and provide insights on
their preference in medication and dosage. Understanding the causes and effects of such variation can help providers
avoid practices that negatively impact outcomes. The machine learning analysis reveals practice characteristics that
result in the best outcome with the least complications. Our findings facilitate establishment of improved clinical
practice guidelines (CPG) for care outcome and delivery improvement.
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2. Materials and Methods

This study employs a broad range of informatics techniques to facilitate improvement in patient care. It aims to capture
practice variance, quantify dose-sensory achievement characteristics, and evaluate the safety and utility of injecting
large doses (up to 20 ml) in the epidural space through the epidural needle for elective caesarian sections in the hands
of experienced anesthesiologists at a large urban obstetric hospital. The study involves five major steps: 1) Develop
process maps of patient and epidural service workflow via objective process observations and structured interviews.
2) Perform time-motion studies of epidural processes, record complications and practice variance, and analyze hospital
data. 3) Perform statistical analysis of collected data, conduct system analysis on practice variance, quantify effective
dose-sensory level achievement, 4) Develop a machine-learning predictive analytic model to predict patient/outcome
characteristics. 5) Develop a computerized simulation-optimization system to simulate current performance,
optimize systems and estimate anticipated global improvement. 6) Report findings and establish practice guideline
recommendations for improved quality of care.

Epidural Workflow and Services

Figure 1 summarizes the epidural process performed by anesthesiologists observed by medical informaticians and
engineers. The green denotes practice variance that we observed. Anesthesiologists choose one of three basic
techniques of loss of resistance (or a combination thereof) to identify the proper epidural space: air, saline and local
anesthetic. Medication dosages vary by providers with most injecting as much as 20 ml through the epidural needle
prior to inserting the epidural catheter.
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Figure 1. This figure summarizes the anesthesiologist epidural procedure workflow process. Green highlights those
processes with variance among providers.

Observations, Time-Motion Studies, and Chart Review

From January 2014 through December 2014, eight trained observers collected epidural process data via a standardized
checklist through shadowing of the epidural team. Data collected includes patient demographics, vital signs,
medication type and dosage, time to achieve sensory level, outcomes and response to medication. The observers
simultaneously conducted time-motion studies, and measured service time for each step of the epidural workflow.
Variability of practitioners and processes were also captured. In addition to observation, a random sample of clinical
charts was gathered and reviewed to serve as a validation set for our machine learning and system simulation-
optimization analysis. Two types of epidural approaches were defined based upon the primary delivery mechanism of
the majority dose. If the majority of the dose is delivered through a needle, it is defined as a needle-based approach.
Likewise, a catheter-based approach delivers the primary dose through a catheter.

Statistical Analysis
Statistical analysis was conducted to quantify variations and their associated outcome. Specifically, variations on
delivery types, complications caused by delivery types, time to sensory level, medications and dosage, epidural
approaches (needle-based versus catheter-based), and practitioner performance were noted.

Statistical analyses were performed using MATLAB'". Statistical significance was assessed at the 0.05 level unless
otherwise noted. Descriptive statistics were calculated for all variables of interest including median and 25th to 75th
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percentiles, and counts and percentages when appropriate. Two-sample t-test and Wilcoxon rank-sum tests were used
to compare continuous variables between groups and Chi-square tests were used for comparing categorical variables
between groups.

Next, a machine learning predictive framework was designed to uncover key factors that influence and predict
hypotension. Specifically, we used discriminant analysis via mixed integer program (DAMIP) as our classifier':'2 and
contrasted its performance to other popular classification methods.

Machine-Learning Predictive Analytic Framework: Discriminant Analysis via Mixed Integer Program (DAMIP)
Suppose we have n entities from K groups with m features. Let G = {1, 2, ..., K} be the group index set, O =
{1,2,...,n} be the entity index set, and F = {1, 2, ..., m} be the feature index set. Also,let O, k € G and O), S
0, be the entity set which belong to group k. Moreover, let F;, j € F, be the domain of feature j, which could be
the space of real, integer, or binary values. The ith entity, i € O, is represented as (y;, X;) = (Vi, Xi1, ) Xim) €
G XFy XX F,, where y; isthe group to which entity i belongs, and (x;q, ..., X;) is the feature vector of entity
i. The classification model finds a function f:(F, X - X F,,) = G to classify entities into groups based on a
selected set of features.

Let m; be the prior probability of group k and f,(x) be the conditional probability density function for the
entity x € R™ of group k, k€G. Also let ay, €(0,1), h,k € G, h # k, be the upperbound for the
misclassification percentage that group h entities are misclassified into group k. DAMIP seeks a partition
{Py, P, ..., Py} of RK, where P, , k € G, is the region for group k, and P, is the reserved judgement region with
entities for which group assignment are reserved (for potential further exploration).

Let u,; bea0/1 variable to denote if entity i is classified to group k or not. Mathematically, DAMIP"'*'> can
be formulated as

Max Z oy 1

i€o

.t i 2
S L = mefi(x) — Z fr(x) Ank Z L €0, 2)
€G
hEGh#k
_{1 if k = arg max{0,Ly;: h € G} Vieoke{0jug 3)
Uk = .
0 otherwise
g = 1 VieEO @)
ke{o}ug
Ui < lapkngl V hkegh+k 5)
i: €0y
u; € {0,1} VieOoke{0jug
Ly; unrestricted in sign Vieokeg
A =0 V hkeGh=+k

DAMIP has many appealing characteristics including: 1) the resulting classification rule is strongly universally
consistent, given that the Bayes optimal rule for classification is known'® ", 2) the misclassification rates using the
DAMIP method are consistently lower than other classification approaches in both simulated data and real-world data;
3) the DAMIP classifiers appear to be insensitive to the choice of prior probabilities, yet capable of reducing
misclassification rates when the number of training entities from each group is different; 4) the DAMIP model
generates robust classification rules on imbalanced data, regardless of the proportions of training entities from each
group'2 618,

In this study, the entities correspond to the patients. The features are patient demographics, health conditions and
clinical history, epidural workflow (processes, medication, and dosage), and provider experience and delivery
characteristics. The goal is to undercover discriminatory features that can predict which patients will have a higher
likelihood for complications. Ten-fold cross-validation is performed on the training set to obtain an unbiased estimate.
To gauge the predictive power of the rule, we perform blind prediction on an independent set of subjects. We compared
the performance of DAMIP against well-known classifiers: classification tree, logistic regression, Naive Bayes,
random forest k-nearest neighbors, and support vector machine.

Development of a Computerized Simulation-Optimization System

A computer simulation-optimization model was then established as a framework for modeling and optimizing the
entire epidural workflow. This allows for development of improved CPGs. Parameters in the simulation include the
entire epidural workflow as shown in Figure 1. The model captures delivery characteristics, service time, types and
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probabilities for each provider; response, risk factors, and outcome characteristics (including complication) of each
patient; and overall throughput of processes. The model was fitted using the data collected from our time-motion
studies and observations to simulate the annual hospital patient visits and treatment performance. The computer
simulation model captures practice variations statistically, and allows us to investigate improvement strategies. We
first fine-tuned the model to reflect the hospital regular performance. Then using the validation set from chart review,
we further fine-tuned and cross-validated the accuracy of our model. The system was then optimized to identify areas
of improvement.

3. Results

Northside Hospital delivers the highest number of newborns in the United States (the Centers for Medicare & Medicaid
Services). During the study period, 19,651 deliveries were performed with 55.3% vaginal birth and 44.7% C-section.
Among these, 75.1% received epidural labor analgesia (epidural anesthesia for C-section and epidural analgesia for
vaginal birth). A total 750 parturition cases under routine epidural analgesia were observed in full detail. This
included 667 C-section, 76 vaginal birth, and 7 unlabeled cases. Majority of them (94%) were performed with patients
in the sitting position. The observations covered 44 anesthesiologists.

The two groups of patients have similar distributions in weight (p < 0.3138), height (p < 0.5784), and weeks of
pregnancy (p < 0.3082). The occurrence of allergies was similar (C-section group: 13.75%, vaginal birth group:
16.44%). 73.04% of the C-section patients had previous deliveries. And 29.41% of the vaginal deliveries were
primigravidas. The systolic blood pressure of C-section and vaginal birth patients was similar (p < 0.5700). However,
the diastolic pressure of vaginal birth patients (73.0714 mmHg) was lower than that of the C-section patients (78.0315
mmHg) (p <0.0074).

We selected an independent set of patients through chart review for validation of findings. This consisted of 1,398
cases that used epidural procedures, which included 892 C-section, 505 vaginal births, and 1 unlabeled case. This
represented roughly 10% of the newborns delivered between January to September 2015.

Vaginal Birth and C-section

Age: It is well-documented that advancing maternal aged women are more likely to have cesarean delivery without
labor." The hospital data echoed this trend. The average age for the C-section group was 32.72 versus 30.77 of the
vaginal birth group (p-value < 0.0089). The age range for vaginal birth and C-section groups are 18 —39, and 17 — 49,
respectively.

Medication: More than 40 combinations of medication are used. In vaginal birth, the most common medicine
combinations are: 1. Lidocaine 2%, NaHCO3, Epinephrine, Fentanyl (15.58%), 2. Lidocaine 1.5%, Ropivacaine 0.5%,
Epinephrine (14.29%), 3. Lidocaine 2%, NaHCO3, Epinephrine (11.69%), 4. Ropivacaine 0.5% (11.69%), 5.
Lidocaine 2%, Epinephrine (10.39%). In C-section, they are: 1. Lidocaine 2%, NaHCO3, Epinephrine, Fentanyl
(28.98%), 2. Lidocaine 2%, NaHCO3, Epinephrine (20.23%), 3. Lidocaine 2%, Epinephrine, Fentanyl (8.90%), 4.
Lidocaine 2%, Epinephrine (8.61%), 5. Marcaine 0.5%, Fentanyl (5.74%). Ropivacaine is used for vaginal birth
patients since Ropivacaine is less lipophilic than bupivacaine and less likely to penetrate large myelinated motor fibers,
resulting in a relatively reduced motor blockade. It is preferred in vaginal birth where motor blockage is undesirable.?
Sensory level achievement: Sensory level is an important indicator to measure the effect of anesthesia. A higher than
desired anesthesia level (high block) can cause motor block, dyspnea, apnea and even loss of consciousness. Both
groups achieve similar sensory level, with T4 (vaginal: 61.02%, C-section: 61.07%) and T6 (vaginal: 23.73%, C-
section: 22.29%) being the most frequently achieved. However, the average time it takes to achieve sensory level
between the vaginal birth and the C-section groups is significantly different (13.51 minutes versus 15.95 minutes, p <
0.0126).

Complications: Our observations identified six complication symptoms: hypotension, epidural replacement, wet tap,
blood in the catheter/needle, high block, and nausea and vomiting. Only two of these, hypotension (11.84%) and blood
in the catheter/needle (2.63%), were observed in the vaginal birth group. For C-section group, we observed the
following incidence percentage: hypertension 52.32%, blood in the catheter/needle 2.10%, epidural replaced 3.60%,
wet tap 0.15%, high block 0.30% and nausea/vomit 0.45%. Since hypotension was the most common complication,
we present detailed analysis on hypotension in a dedicated section.

Needle-based vs Catheter-based Approach
We seek to quantify effective dose to achieve desired sensory level and evaluate the safety and utility of injecting large
doses (up to 20 ml) in the epidural space through the epidural needle.

Among the 750 observed cases, 717 cases (95.6%) were needle-based and 33 cases (4.4%) were catheter-based.
In the needle-based approach, in almost all cases over 90% of the dose was delivered through the needle; whereas for
the catheter-based approach, an average of 60% of dose was delivered via the catheter.
Sensory level achievement: Needle-based approach achieved higher sensory level (average T4.79) than catheter-based
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approach (average T5.3) (p < 0.0265). Figure 2 shows that

Figure 2: Distribution of Sensory Level the most frequent sensory levels were T4 (needle-based:
70.00% 62.35%, catheter-based 36.36%) and T6 (needle-based:
60.00%  Needle based 2_1.80%, cathc_ater based: 30.30%). . . .

Time to achieve: The average time to achieve similar
50.00% sensory level (p < 0.7789) in needle-based approach was

g Catheter based . .
& 40.00% 15.63 minutes versus 20.00 minutes for catheter-based (p <
S 0.0037). Specifically the time difference is significant for
§ 30.00% both vaginal birth and C-section deliveries: 13.02 minutes
20.00% vs 26.00 minutes for vaginal birth, p < 0.0181, and 15.80

. minutes vs 18.97 minutes for C-section deliveries, p <
10.00% 0.0390. Hence, this study reports that needle-based

0.00% - = [ - N B - - approach is faster and more effective in achieving the
2 3 4 5 6 7 8 9 10 11 12 required sensory result.

Furthermore, the needle-based approach uses less dose than

catheter-based approach (mean 24.99 ml versus 30.27 ml,

p < 6.0e-05). These findings support that needle-based approach is more dose-effective, achieving better sensory level

faster than the traditional catheter-based approach.

Complications

General Statistics: Table 1 contrasts this hospital’s complication incidence to published results.?*> We note that these
published results are all catheter-based since they did not inject dose via the epidural needles. Compared to published
results, the complication incidence of needle-based approach appears to be comparable to the traditional catheter-
based approach.

Table 1. This table contrasts the hospital’s complication rate against published results.

Sensory Level

Type of Epidural Nausea/V  Wet tap High Block Blood in the Re-do local ~ Re-do loss of
Complications replace omit catheter/needle anesthetic resistance
Known literature 4.7% - 17.8% 1% 0.43% -3.2% 0.02%-0.07%  N/A N/A N/A
(n=181- (n=388)""  (n=141- (n=10995-
10995)!-2¢ 29749)2!-24. 2651 145550)* 32
This study observed ~ 3.20% 0.40% 0.13% 0.27% 2.13% 4.00% 6.53%
cases (n=750)
This study: needle- 3.07% 0.42% 0.00% 0.28% 1.81% 4.04% 6.56%
based (n=717)
This study: catheter- ~ 6.06% 0.00% 3.03% 0.00% 9.09% 3.03% 6.06%

based (n=33)

Hypotension: The most frequent complication for spinal, epidural and combined spinal and epidural anesthesia (CSE)
is hypotension. Depending on different labor analgesia methods and definitions of hypotemsion, hypotension rates
reported by previous studies can be as high as 70%.>* In this study, the reported hypotension rate was 51.73%
across all approaches and delivery types. Specifically, it was 52.32% for C-section and 11.54% for vaginal birth. The
average age was 33 for the hypotension group and 32 for the non-hypotension group (p < 0.034).

Table 2 contrasts the hypotension rates of our patients to published results. We caution that since all previously
reported results except one involved very small sample sizes, one can only meaningfully compare the hypotension
results based on the “30% Drop of mean arterial pressure (MAP)” definition.

Table 2 reports first the complication statistics for the observed cases. In the reporting, we do not separate the
needle-based versus catheter-based cases since statistically, there is no significant difference in the resulting
hypotension rate. To validate that the observed cases are representative of the overall hospital practice, we also report
the complication statistics for the 1,398 charts reviewed. The study reveals that the needle-based approach requires
less dose for faster and effective epidural anesthesia and epidural analgesia without increasing the incidence of
hypotension.

Table 2. Comparison of hypotension rates.

Percentage and sample size Percentage and sample size in our study
Hypotension from literature Observed cases (n=750) Chart Review cases (n=1398)
Definition
Vaginal birth C-section Vaginal C-section Overall Vaginal C-section Overall
n=107% birth n=667 n=750 birth n=892 n=1398
n=76 n=505
<90 mm Hg, systolic 23.1% ,n= 16.3%% 17.04% 23.73% 21.62% 13.86% 23.54% 20.03%
6536; 4.0%,
n=375"
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<90 mm Hg or a 20% 0%, n = 40%; 54.8% 35.37% 48.91% 44.64% 33.07% 48.65% 42.99%
decrease from baseline, ~ 5.2%, n=19°

systolic

<100 mm Hg 7.5%, n=375"7,  41.5%% 39.87% 50.66% 47.35% 38.22% 50.56% 46.14%
<100 mm Hg or >20%  24%, n=25%; 59.3%° 49.20% 60.99% 57.36% 47.72% 60.65% 56.01%
reduction from 48% n=25%

baseline, systolic

<100 mm Hg or >30% 9%, n = 53! 46.7%° 40.51% 53.42% 49.45% 39.21% 53.14% 48.14%

reduction from

baseline, systolic

30% Drop of MAP N/A 46.5%4,‘2 16.40% 28.53% 24.72% 13.66% 29.48% 23.75%

n=919

Uncovering Features for Predicting Hypotension
Machine learning is employed to uncover clinical and patient features that can predict hypotension. This allows for
potential clinical practice guideline modification and/or early provider intervention to mitigate the effect. Our study
consists of three folds. First, we used 561 observations from the first nine months (January — September 2014) and
partitioned them randomly into two sets for training and blind prediction. Next, we used the established predictive
rules to blind predict the future three months of 189 patients (October to December 2014). And finally, we blind
predicted 1,398 patients from the period January to September 2015. This allows us to measure the accuracy in
predicting status of future patients. It also sheds light on the consistency of the physicians’ hypotension definition.

Inputs to the computational model consist of patient demographics, physical and allergy characteristics and overall
health, weeks of pregnancy, number of redo epidurals, number of reboluses and dose, test dose, epidural needle and
catheter doses, total dose, duration of injection, sensory level and time achieved, delivery type, position, medication
type, and provider. Using the DAMIP machine learning algorithm, we seek to uncover a small subset of discriminatory
features that can predict hypotension. DAMIP returns 27 predictive rules each achieving greater than 82% 10-fold
cross-validation accuracy and greater than 85% blind prediction accuracy for predicting hypotension and non-
hypotension in patients for the period January — September 2014. The discriminatory features selected include weeks
of pregnancy, number of redos, epidural needle/catheter dose, number of reboluses and dosage, and patients’ allergy.
When blind predicting against new patients from October — December 2014, the predictive accuracy reaches 8§9%.
Further, it reaches > 85% when blind predicting patients from January — September 2015. Table 3 contrasts the
performance of DAMIP against other well-known classifiers. Compared to other classifiers, we note the consistently
good predictive accuracy of DAMIP in both hypotension and non-hypotension patients. The better performance of
DAMIP over other classifiers may be due to the fact that its resulting classification rule is strongly universally
consistent, given that the Bayes optimal rule for classification is known. In addition, it handles imbalanced data very
well.

Identified provider practice features offer an opportunity for CPG improvement, whereas patient characteristics
allow for target/personalized care intervention. In the simulation study below, we used the identified predictive rules
and their associated discriminatory features to construct care / delivery redesign experiments in an attempt to reduce
hypotension incidence.

Table 3. DAMIP classification results for predicting hypotension and comparison against other classifiers.

Classifier 10-fold cross validation (424 cases) Blind Prediction on 137 cases Blind Prediction on 189 cases
unbiased prediction estimate (January — September 2014) (October — December 2014)
Overall Hypotension =~ Normal  Overall Hypotension =~ Normal  Overall Hypotension ~ Normal
Accuracy Accuracy Accuracy
Classification Tree 65.60% 71.61% 51.76%  51.09% 73.85% 30.56%  59.79% 79.05% 35.71%
Logistic Regression  74.69% 88.24% 43.53%  47.45% 61.54% 34.72%  57.67% 67.62% 45.24%
Naive Bayes 73.80% 87.47% 42.35%  43.07% 78.46% 11.11%  58.20% 89.52% 19.05%
Random forest 76.83% 98.21% 27.65%  46.72% 96.92% 2.78% 56.08% 100.00% 1.19%
k-nearest neighbors  66.31% 86.19% 20.59%  38.69% 80.00% 15.28%  56.08% 86.67% 17.86%
Support vector 60.61% 68.29% 42.94%  49.64% 69.23% 31.94% 52.38% 72.38% 27.38%
machine
DAMIP 82.30% 82.50% 82.00%  89.00% 90.70% 87.50% 90.40% 89.20% 91.40%

System Simulation and Clinical Practice Improvement

We first ran the computer simulation model using parameters from the 750 observed cases. The simulation was run
for 19,651 patients to reflect the total number of babies delivered during a calendar year. We focused on highly
revealing issues based on our outcome findings: re-do epidural procedure, hypotension and other complications such
as blood in catheter/needle, wet tap, high block, and nausea and vomiting. Expected time for completing the entire
epidural workflow was 9.26 minutes under current conditions.
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Guided by the results from machine learning and the identified discriminatory features, we optimized the needle-
base epidural dose administration process. Table 4 summarizes briefly the anticipated changes from the current
practice on three scenarios. These scenarios focus on physician variations on administering medication, test dosage
and total dosage. Each scenario is characterized by physician’s individual epidural technique. In our simulation model,
each scenario reflects actual physicians’ characteristics such as selecting medications, loss of resistance technique and
injecting durations.

Table 4. Simulation scenarios performed to investigate potential reduction in complications.
Scenario 1: Needle dosage of 15-  Scenario 2: Needle dosage 20-25  Scenario 3: Diverse dose range

18 ml ml (Scenario 2)
Test dosage 2~5ml 0~5ml 0~5ml
Epidural needle dose 15~18 ml 20 ~25ml 5~20 ml
Total dosage 15~25ml 20 ~30 ml 10 ~30 ml

Scenario 1 reflects a moderate needle dose with a tight total needle dose across all practitioners (15-18 ml). Scenario
2 allows for higher needle dose up to 25 ml. Scenario 3 offers broader dose variance reflecting current practice while
limiting needle dose to 20 ml. Table 5 shows that Scenario 1 results in the lowest re-do rate, hypotension rate and total
procedure time compared to the other two scenarios; whereas Scenario 3 shows acceptable results on hypotension.
The hospital delivers roughly 19,651 newborns annually, with 75.1% receiving epidural labor analgesia. Hence the
reduction in patient complication cases, reflected in the last two columns in Table 5, is substantial. Overall, all three
scenarios improve the procedure time. Using high epidural needle dose, Scenario 2 performs worse than the current
practice. For the 1,398 chart review cases, the hypotension rate is 21% among patients satisfying Scenario 1 criteria.

Table 5. Contrast of complication rates using 3 scenarios of needle-based approach.
Complication Reduction
in number of patient cases

Complication Occurrence rate per year:  Scenario 1 Scenario 2 Scenario 3 Scenario 1 - Scenario 1 —
Current performance Scenario 2 Scenario 3

Re-do epidural process Needle 5.14% 4.18% 4.75% 4.92% - 84 - 109
Catheter 5.15%

Replace epidural 2.80% 2.40% 2.88% 3.02% -71 -91

*Hypotension 50.89% 31.82% 55.43% 49.47% - 3484 - 2605

Blood in catheter/needle 0.32% 0.31% 0.32% 0.33% -1 -3

Wet tap 0.17% 0.16% 0.18% 0.17% -3 -1

High block 0.33% 0.33% 0.33% 0.33% 0 0

Nausea/Vomit 0.35% 0.34% 0.35% 0.35% -1 -1

Faint 0.17% 0.17% 0.16% 0.17% 1 0

Procedure time 9.26 minutes 5.12 minutes 5.98 minutes 5.78 minutes

*Based on definition used by hospital providers (Table 6).

Practice Variance among Providers
Forty-four physicians were observed. The years of practice ranges from 6 to 30 years. All physicians report using
needle-based approach with over 68% acquiring this skill at this hospital.

The top five medications are used in over 50% of the patient cases. We categorized physicians by years of practice:
greater than 25 years (long), between 10 to 25 years (medium), and fewer than 10 years (short). Analysis shows that
there is no significant difference in prescribed epidural dosage for C-section (long vs medium: p < 0.8590, short vs
medium: p < 0.6623, long vs short: p < 0.8245).

43.52% of providers favor the use of air in the loss of resistance technique, followed by 28.9% for local anesthetic,
11.9% for saline, 11.5% for airt+local anesthetic and 4.3% for air+saline. When comparing the time to sensory level
versus different loss of resistance techniques, a significant difference is observed while the height, weight, and age of
patients are similar across the preference techniques. When the loss of resistance utilizes air with local anesthetics, the
average time to sensory level and frequency of re-bolus are lowest among all other techniques (Figure 3, left and Table
7).

While there is marginal difference in epidural replaced rate, the overall redo rate appears to be lowest among
physicians with medium years of experience. This may be explained that they have adequate experience and
knowledge and are in prime condition to deliver high quality service. The statistics also show that experienced
physicians have the lowest redo rate in loss of resistance (Figure 3, right).

Table 6. Self-reported hypotension definition used by anesthesiologists in the studied hospital.

Self-reported hypotension definition % of anesthesiologists
20% off baseline, systolic 34.09%
Below 90mmHg, systolic 18.18%
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Below 90mmHg, systolic or 20% off baseline, systolic 9.09%

Below 100mmHg, systolic or 20% off baseline, systolic 4.55%
15% off baseline, MAP<55 2.27%
30% off baseline, systolic 2.27%
Below 80mmHg, systolic or 20% off baseline, systolic 2.27%
20% off baseline, MAP<55 2.27%
Non-Quantitative Standard 9.09%
Not Reported 15.91%
Time to Achieve Sensory Level vs Loss Redo Rate
. . 0,
0 of Resistence Techniques 15% B > 25 years of experience
45 10 to 25 years of experience
= 40 = < 10 years of experience
v 35 9
£ g 10%
g 30 b
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)
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= 10
5
0 1
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Anesthetic Resistance Replaced

Figure 3. Loss of resistance techniques versus the time to achieve desired sensory level.

Table 7. Frequency of re-bolus with different loss of resistance techniques.
Loss of Resistance Technique Air Local anesthetic Air+Local anesthetic Saline Air+Saline
Frequency of Re-bolus 27.66% 32.05% 17.74% 25.00% 37.50%

4. Discussion

This study demonstrates the use of broad range of informatics techniques can help to uncover practice characteristics
that are critical for care improvement. Of the 3,988,076 documented births in the United States in 2014, 32.2% were
delivered via cesarean delivery®; and among women delivering vaginally, as high as 61% received epidural or spinal
anesthesia*. The potential consequences of a failed or misplaced epidural needle are well known to anesthesiologists
who practice obstetric anesthesia. While much has been analyzed regarding complications, especially hypotension,
there has been limited research regarding the dose-sensory response and standardization of the epidural analgesia
procedure to reduce practice variance and maintain low rates of complication. Provision of neuraxial labor analgesia
in a timely manner has been shown to be important to many parturients on open-ended patient surveys.* Thus, it is
important to examine the efficacy and safety of epidural dosing techniques that may shorten analgesic onset.

The rationale for potentially improved analgesia onset with epidural needle injection is uncertain. Dosing prior to
placement of the catheter, such as with a combined spinal and epidural approach or through the epidural needle, may
have the additional benefit of allowing labor analgesia to commence in instances which catheter placement is in an
epidural vein and additional procedure time is necessary. In addition to faster onset of analgesia, it has been reported
that dosing through the epidural needle may result in improved quality of epidural anesthesia compared to dosing
through the catheter.* However, other studies in obstetric’® and non-obstetric® patients receiving epidural anesthesia
have observed similar outcome. Recently, Ristev et al. 2017° performed the first study in comparing needle and
catheter injection of epidural medications for the initiation of labor analgesia. There remains a serious lack of research
examining the potential benefits and risks of initiating labor analgesia with injection of anesthetic medications through
the epidural needle. Moreover, little is known regarding practice and patient outcome related to large dose injected
through the epidural needle.

We hypothesized that needle injection directly into the epidural space would shorten analgesic onset and improve
the quality of subsequent labor analgesia compared to catheter injection. With increasing demand on quality of medical
service and evidence of outcome, the medical providers seek to work collaboratively with medical informaticians and
systems engineers to comprehensively analyze the performance of the epidural anesthesia service. Leveraging the
unique clinical practice at this hospital, we evaluate the safety of a needle-based epidural technique for elective
caesarian sections and establish evidence of a safe-level of epidural needle dose. We also analyze and quantify the
dose-sensory response evidence and the associated complications in the hands of experienced anesthesiologists. For
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objective comparison, we contrast our findings to published results. To the best of our knowledge, there is no previous
comparative effectiveness study analyzing dosage delivered via needle versus catheter.

Our findings indicate that needle-based approach is faster and more dose-effective in achieving comparable
sensory level than the traditional catheter-based approach. Injecting large doses (up to 20 ml) in the epidural space
through the epidural needle is safe, with complication rates similar to those reported in published literature. Further,
if the needle dose is kept under 18 ml, the resulting hypotension rate will be significantly lower than current catheter
delivery practice.

We identified a small subset of discriminatory features, including weeks of pregnancy, patient allergies, number
of redos, epidural needle/catheter dose, number of reboluses and dosage that can predict hypotension with 85%
confidence using our DAMIP machine learning approach. The identified patient characteristics allow for precautionary
care intervention for at-risk patients during the epidural procedure. The provider practice features offer an opportunity
for clinical practice guideline development and process improvement. Using system simulation and optimization, we
investigated scenarios to reduce the hypotension incidence. Our results suggest that the hypotension rates can be driven
down to 31% while the needle dose can be as high as 18 ml. A cohort of 1,398 patients obtained via chart review is
used to validate our findings to ensure that they are representative of the hospital clinical practice.

We contrasted the proficiency of physician practice and provided insights on their preference in medication and
dosage. Understanding the causes and effects of variation can help providers and healthcare organizations avoid
practices that negatively impact outcomes. Our results establish evidence of safe and effective epidural needle dosage.
They confirm that needle injection directly into the epidural space shortens analgesic onset, reduces medication dosage,
and improves the quality of subsequent labor analgesia when compared to catheter injection. This facilitates evidence-
based dose delivery to patients that results in safer and more effective pain control during child delivery. The new
CPQG results in fewer complications and helps with training of anesthesiologists based on evidence-based best practice.

Currently there are very few reported studies in which anesthesia providers have initiated labor analgesia by
injecting medications through the epidural needle immediately after loss of resistance in order to achieve faster onset
of pain relief.’ This practice site offers a unique opportunity for in-depth study in the efficacy and quality of a needle-
based epidural approach due to the practice and the large volume of newborns delivered annually. While design of a
direct clinical comparison may be desirable, because the expertise of these physicians is mostly needle-based approach,
it seems better suited to compare outcome of this site to reported published results. While this study was performed in
a single hospital location, the practice of injecting dose via the epidural needles has been used and reported in
obstetric’® and non-obstetric8 patients. The results thus are applicable to broad epidural practice in other types of
surgeries that required localized anesthesia.
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