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Abstract

Background: Subarachnoid spinal anesthesia is a critical yet technically
challenging procedure in anesthesiology. Despite its importance, limited
data are available on the number of attempts required for trainees to achieve
competency and proficiency. Cumulative sum (CUSUM) analysis provides
a systematic approach to evaluating learning curves and establishing
benchmarks for procedural success.

Methods: This study included 39 first-year anesthesiology fellows at the
University of Brescia from January 2021 to January 2023. Residents recorded
1,624 spinal anesthesia procedures using an online data collection system.
CUSUM analysis was used to evaluate performance trends and determine
competency thresholds, defined as “competent” (failure rate < 15%) and
“proficient” (failure rate < 10%). Multilevel logistic regression identified
factors influencing procedural outcomes.

Results: Data from nine fellows maintaining consecutive records were
analyzed. Competency was achieved within 16-153 procedures (median:
39), while proficiency required a mean of 67 procedures. Linear learning
trajectories were observed in most residents, although variability existed,
with some requiring additional training to stabilize performance. Key
factors influencing failure included BMI > 40 (OR = 4.53), poorly palpable
interspinous spaces (OR = 2.19-9.43), and sitting position (OR = 0.42).
Experience reduced failure rates by 2.63% per additional procedure
(p <0.001).

Discussion: CUSUM analysis effectively tracked learning curves and
identified individual progress. Competency benchmarks supported structured
training programs, while patient and procedural variables highlighted the
need for diverse clinical exposure. Variability among trainees underscored
the importance of tailored feedback and support.

Conclusions: Competency in subarachnoid spinal anesthesia is typically
achieved after a median of 39 procedures, with proficiency requiring
further practice. CUSUM analysis offers a robust framework for optimizing
anesthesiology training, enhancing procedural success, and ensuring patient
safety.
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Introduction

Subarachnoid spinal anesthesia is among the most commonly used regional
anesthesia techniques, valued for its rapid onset, profound sensory and motor
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blockade, and cost-effectiveness [1]. It is routinely used
in a wide range of surgical procedures, from orthopedic
and obstetric interventions to lower abdominal surgeries.
However, the precision required to navigate the subarachnoid
space and deliver anesthetics to the cerebrospinal fluid makes
it a technically demanding procedure [2]. Success depends on
a combination of anatomical knowledge, manual dexterity,
and situational awareness—skills that take time to develop.

The procedure’s complexity is further compounded by
patient-specific factors that can increase difficulty, such as
obesity, spinal deformities (e.g., scoliosis, previous surgeries,
or degenerative changes), and conditions such as pregnancy
that alter spinal anatomy [3]. Additionally, subtle variations in
needle choice, patient positioning, and even communication
during the procedure can significantly affect outcomes [4,5].
These challenges are particularly daunting for anesthesia
fellows, who often face steep learning curves during their
training [6].

The path to mastering spinal anesthesia is fraught with
difficulties, especially for trainees with limited prior exposure.
Errors in technique, such as misidentification of landmarks
or inappropriate needle angles, can lead to complications
such as failed blocks, post-dural puncture headaches, and
nerve injuries [2]. Such complications not only compromise
patient safety but also erode trainees’ confidence, further
complicating their educational journey. Despite the clinical
and educational significance of these challenges, the medical
literature remains silent on one pivotal question: How many
attempts are required for a fellow to achieve competency in
spinal anesthesia? Without objective data, training programs
must rely on anecdotal benchmarks, risking inconsistent skill
acquisition and variability in clinical outcomes.

Cumulative sum (CUSUM) analysis offers an innovative
solution to this challenge, providing a rigorous and
systematic approach to evaluating procedural success and
learning curves [7]. CUSUM is a statistical tool designed to
track performance over time, highlighting deviations from
expected outcomes and identifying the inflection point at
which consistent competency is achieved. This method has
been widely used in fields such as surgery and interventional
medicine to determine proficiency thresholds and assess
operator performances [8,9]. Its application in regional
anesthesia training is particularly promising, as it enables
real-time feedback, visual representation of progress, and the
identification of factors influencing success or failure [10-13].

This study aimed to leverage CUSUM analysis to evaluate
the learning curve of spinal anesthesia among medical fellows.
Specifically, we sought to determine the minimum number
of procedures required to achieve competence and identify
the procedural and patient-related factors influencing success
rates. By addressing these critical gaps in the literature, this
research could enhance training programs, improve patient
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outcomes, and establish evidence-based benchmarks for
proficiency in spinal anesthesia. It thus contributes to the
broader goal of optimizing the educational pathways for
future anesthesiologists while ensuring the highest standards
of patient care.

Materials and Methods

This study was conducted from January 2021 to January
2023 and included 39 first-year anesthesiology fellows at the
University of Brescia. The aim was to evaluate the learning
curve for subarachnoid spinal anesthesia using CUSUM
analysis. Each fellow was instructed to consecutively record
every spinal anesthesia procedure they performed using an
online data collection form accessible via smartphone. This
form was divided into two parts:

1. Patient Characteristics: Included variables most likely
to predict difficulty, such as previous heavy manual
labor (>30 years), prior spinal surgery, poorly palpable
interspinous spaces, BMI > 30, and age > 80.

2. Procedure Outcome: Recorded the procedure’s outcome,
classified as a success or failure, alongside additional
characteristics such as independence and technical ease.

For a procedure to be classified as a success, cerebrospinal
fluid return was required, with a technical performance score
< 2. Points were assigned for

» Each request for tutor assistance during the procedure.
* The occurrence of a traumatic or bloody puncture.

CUSUM analysis was used to evaluate performance trends
and determine competency thresholds. Two competence
levels were analyzed according to the Dreyfus model [14]:

1. Competent (p0 = 0.15): Reflecting a moderate failure
rate as acceptable, consistent with values used for similar
anesthetic procedures.

2. Proficient (p0 = 0.10): Representing a higher performance
standard, with an acceptable failure rate of 10%.

3. CUSUM curves were constructed for each resident,
using “constant risk failure charts” due to the absence
of literature-based coefficients accounting for variable
difficulty. For both levels, the unacceptable failure rate
(pl) was set at double the acceptable failure rate (2p0),
with Type I and II errors fixed at 0.1 [11].

CUSUM Technique Description

CUSUM is a statistical tool originally developed for
quality control in industrial processes and later adapted
for medical training. It involves plotting the cumulative
performance of a process over time, with success or failure
events affecting the trajectory. For binary outcomes,
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¢ Each success reduces the CUSUM score by a calculated
“reward” (s).

¢ Each failure increases the CUSUM score by a “penalty”
(1-s).
¢ The method defines two decision limits:

e hl: Crossing this upper limit indicates performance is
“out of control,” suggesting a need for corrective action.

¢ hO: Crossing this lower limit confirms the operator has
reached the desired competency level.

A multilevel logistic regression analysis was performed
to assess the association between independent variables and
the probability of failure. This approach was chosen due
to the hierarchical data structure, with observations nested
within individual physicians. Multilevel regression enables
modeling individual-level (patient-level variables) and group-
level (physician-level variables) differences, accounting for
intra- and inter-group variability.

Independent variables (to be specified: this section will be
updated once the model is finalized) were included as fixed
effects, while the physician was treated as a random effect to
account for potential heterogeneity among physicians. This
approach enabled the estimation of the effects of independent
variables on outcomes while considering specific differences
between physicians.

An alpha level of 0.05 was used to determine statistical
significance in all analyses. Statistical analyses were
conducted using R software version 4.3.1.

Results

Data from 38 residents were analyzed, covering 1,624
procedures. However, only nine residents maintained
chronological and consecutive data recording, and their data
were included in CUSUM analysis.

Competency Thresholds

e Competent Level: Achieved by all nine residents,
requiring 16 to 153 procedures (median: 39, mean: 55,
SD: 42).

¢ Proficient Level: Achieved by 7 of 9 residents, with most
reaching this within 100 procedures (mean: 67, median:
67, SD: 31.9).

Figure 1 shows the CUSUM graphs for each fellow for
the competent and proficient levels (if the competent level is
reached within 100 procedures).

Performance Trends
*  The CUSUM curves showed varying learning trajectories:

o Linear learning progressions were observed in residents
“a,” “b,” “c,” “d,” and “e” without surpassing the upper
decision limit (h1).
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0 Residents “f” and “g” demonstrated initial instability in
their learning curves, crossing h1 multiple times. Resident
“f” achieved competence after 70 procedures, while

resident “g” required significant additional training and
did not complete the proficient level.

A multilevel logistic regression model was used to
further investigate the factors influencing the probability of
procedural failure (Table 1). The analysis identified several
significant variables:

* Chronological Episode: The failure probability
decreased with experience, showing a 2.63% reduction
in failure probability with each additional procedure (p <
0.001, OR = 0.9737).

*  BMI > 40: Patients with a BMI > 40 were significantly
more likely to experience a failed procedure compared to
those with a BMI < 30 (p = 0.044, OR = 4.5278).

* Heavy Manual Labor: Patients with a history of
physically demanding work had an increased failure
probability (p = 0.007, OR =2.5031).

¢ Interspinous Space: Poorly or non-palpable interspinous
spaces significantly increased failure rates:

o  Non-palpable spaces (p < 0.001, OR = 9.4296).
o  Poorly palpable spaces (p =0.018, OR = 2.1902).

» Sitting Position: Procedures performed in the sitting
position were less likely to fail compared to the lateral
decubitus position (p =0.021, OR = 0.4181).

¢ Traumatic Procedure: Procedures classified as traumatic
significantly increased the failure probability (p < 0.001,
OR = 58.5627).

Random Effects

The multilevel logistic regression accounted for variability
among residents, with the random effect for the intercept
showing a variance of 0.7592 (standard deviation = 0.8713).

These findings confirm that patient-specific factors
(e.g., BMI, interspinous space palpability) and procedural
characteristics (e.g., sitting position, traumatic maneuvers)
are significant in influencing procedural outcomes. The
progressive reduction in failure rates with increasing
chronological episodes underscores the impact of experience
on improving success rates.

Discussion

This study highlights the utility of CUSUM analysis
in evaluating the learning curve for subarachnoid spinal
anesthesia among anesthesiology residents. The findings
confirm that competency, as defined by the “competent” level
(failure rate <15%), is achievable within a range of 16 to 153
procedures, with a median of 39 and a mean of 55. Proficiency,
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Figure 1: CUSUM graphs for each fellow for the competent and proficient levels (if the competent level is reached within 100 procedures).
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Variable Estimate | Std. Error [z value[ P-value | Odds Ratio (OR)
(Intercept) -1.749892 [ 0.531238 | -3.294 [ 0.000988 0.1737
Chronological Episode -0.026531 | 0.004733 | -5.606 | 2.07e-08 0.9737
BMI 30-40 0.535005 [ 0.332622 | 1.608 | 0.107737 1.709
BMI >40 1.507753 | 0.749877 | 2.011 | 0.044361 4.5278
Patient Gender Male 0.132866 | 0.30609 | 0.434 [ 0.664233 1.1417
Heavy Manual Labor 0.918316 [ 0.340215| 2.699 | 0.00695 2.5031
Previous Surgeries -1.090087 [ 0.721339-1.511 [ 0.130738 0.336
Non-Palpable Interspinous Spaces 2.236057 | 0.559155 | 3.999 | 6.36e-05 9.4296
Poorly Palpable Interspinous Spaces 0.782997 | 0.332101 | 2.358 | 0.018388 2.1902
Sitting Position -0.872524 1 0.377335]-2.312 |1 0.020759 0.4181
Traumatic Procedure 4.065679 | 0.509062 | 7.987 | 1.39e-15 58.5627

Table 1: Multilevel Logistic Regression Analysis of Predictors of Procedural Failure

representing a higher standard (failure rate <10%), required
a mean of 67 procedures. These results provide valuable
benchmarks for structuring training programs and assessing
trainees’ progress in mastering this essential anesthetic
technique.

The linear learning trajectories observed for most residents
(“a,”“b,” “c,” “d,” and “¢”) suggest consistent skill acquisition
without significant deviations indicating poor performance.
However, the cases of residents “f” and “g” illustrate the
potential for variability in the learning process. Resident
“f” showed prolonged instability around the upper decision
limit (h1) before demonstrating consistent improvement after
70 procedures. Similarly, resident “g” exhibited persistent
difficulty, requiring additional support and training, and failed
to reach proficiency despite completing 185 procedures.
These findings underline the importance of individualized
feedback and targeted interventions for trainees struggling to

achieve competence.

Patient-related variables significantly influenced success
rates and the learning process. Anatomical challenges, such
as poorly palpable interspinous spaces (35.8% of proficient
cases), high BMI (24.5%), and previous spinal surgeries,
were associated with higher rates of procedural difficulty.
These factors highlight the need to expose trainees to a wide
range of clinical scenarios during their learning curve to build
resilience and adaptability.

This study also underscores the adaptability and precision
of CUSUM analysis in tracking procedural success and
identifying when performance deviates from acceptable
standards. The use of “constant risk failure charts” was
particularly effective for monitoring performance in a clinical
context, where procedural complexity and patient variability
can differ significantly. The method’s ability to flag positive
and negative trends offers a valuable tool for ensuring patient
safety and optimizing training.

The findings suggest that achieving competency
(“competent” level) typically requires a minimum of 60
procedures, consistent with prior studies on similar anesthetic
techniques. However, the variability observed among

residents indicates that competency thresholds should remain
flexible and context-dependent, accounting for individual
progress and the complexity of cases encountered.

Limitations

Several limitations apply. First, the exclusion of 29
residents due to incomplete or non-consecutive data highlights
the challenges of maintaining rigorous data collection in real-
world training environments. Additionally, while the study
provides clear benchmarks for competency and proficiency,
the results may not fully generalize to other institutions with
differing patient populations or training protocols. Finally,
the reliance on “constant risk failure charts” may not capture
the nuances of case-specific challenges, which could be
addressed using adjusted risk models in future studies.

Implications for Training Programs

These findings have important implications for
anesthesiology education. By identifying specific benchmarks
for competency and proficiency, training programs can better
structure their curricula, ensuring residents are exposed to
sufficient procedural volume and variety. Moreover, using
CUSUM analysis can provide real-time feedback, enabling
educators to tailor their interventions and support to the needs
of individual trainees.

In conclusion, this study demonstrates that subarachnoid
spinal anesthesia competency is typically achievable within a
median of 39 procedures and that proficiency requires further
practice. The integration of CUSUM analysis into training
programs represents a valuable step toward standardizing
and optimizing the educational process for anesthesiology
residents, ultimately enhancing patient safety and care quality.
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