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Abstract

Objective

To evaluate the learnability and feasibility of a new technique comprising a needle-guid-

ance-system (NGS) for ultrasound-assisted lumbar puncture.

Method

Using a randomized crossover study design, 24 medical students were asked to perform an

ultrasound-assisted lumbar puncture on a gel phantom using two different techniques that

each included a paramedian insertion site. Procedure 1 (P1) used a pre-procedural ultra-

sound scan to predetermine the ideal insertion point. Procedure 2 (P2) applied a new tech-

nique comprising an NGS for performing real-time ultrasound-guided lumbar puncture.

Success rates and performance times for both procedures were compared. Participants

were also asked to complete a post-study questionnaire, both to quantitatively assess the

workload involved and state their personal preferences.

Results

In comparison to the pre-procedural scan (P1), the NGS (P2) was associated with a signifi-

cant increase in the number of successful punctures per participant (5 (P2) [interquartile

range: 3.3–5.0] vs. 3 (P1) [interquartile range: 1.3–4.0], p = 0.005), and led to a significant

reduction in performance time (118 seconds vs. 80.6 seconds, p < 0.001). In terms of work-

load perception, NGS use was associated with significantly better performances and lower

frustration levels, as rated by students in the post-study questionnaire. Finally, 23/24 partici-

pants stated their preference for P2.

Conclusion

Our newly-developed technique for real-time ultrasound-guided lumbar puncture proved to

be learnable and feasible for novices, and only required a small amount of training. The use
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of an NGS therefore has the potential to serve as a key feature of the ultrasound-assisted

lumbar puncture.

Introduction

Lumbar puncture (LP) is an important technical skill commonly performed at the anatomical

midline of the spine between the 3rd lumbar and 1st sacral vertebrae using a landmark-guided

technique[1]. However, despite being done routinely, the success rates for LP reportedly range

from ~80%[2,3]—when multiple skin punctures are allowed—down to 61.5%[4,5] for first

attempts. Furthermore, confounding factors such as obesity or advanced age are steadily

increasing[1,2].

One way to increase LP success rates is with the assistance of ultrasound. The pre-proce-

dural ultrasound scan, which is used to determine the site of needle insertion, is the approach

supported by the largest body of evidence; however, this technique is primarily recommended

for complicated punctures[6,7]. Further refinements such as real-time, in-plane approaches

remain experimental, mainly due to difficulties in handling[8]. Recently, a new approach com-

bining pre-procedural scanning with paramedian needle insertion resulted in a significant

decrease in the number of passes and attempts[9].

Another promising development for ultrasound-assisted punctures are needle-guidance

systems (NGSs), which allow visualization of the intended needle route in the tissue. NGSs can

potentially accelerate learning curves and increase success rates in different types of punctures

[10–18], but only expert case reports and one feasibility study exist for LP [19–21].

The present study aimed to determine how a newly-developed NGS-approach compares to

the pre-procedural ultrasound scan technique in terms of success rates, and whether it is a

learnable technique for novices. In addition, we quantified the workload and surveyed the per-

ception associated with each of the two techniques. Concluding we can state that our approach

proved to be learnable and feasible for novices, and only required a small amount of training.

Material and methods

Ultrasound machine and Needle Guiding System

The eZono1 4000 ultrasound machine (eZono AG, Jena, Germany) containing an electromag-

netic Needle Guiding System (NGS) known as ‘eZGuide1’ was used. The three-dimensional

movements of the pre-magnetized needle are displayed in real-time as a colour-coded trajec-

tory on the ultrasound screen. The calculated trajectory then allows the operator to predict the

path of the needle through the tissue, even before the skin is punctured. While performing an

out-of-plane puncture, the target zone, which represents the intersection of the needle trajec-

tory and the ultrasound beam, is marked with a red square that turns green when it becomes

super-imposed with the needle, which means the target zone has been reached.

Prior to the puncture, any needle containing ferromagnetic material can be magnetized

under sterile conditions with special magnets (‘eZMag L’ and the ‘eZMag L cap’).

Phantom models

The procedure for producing a lumbar spine phantom model composed of synthetic ballistic

gelatine was based on the protocol described by Morrow et al.[22], and slightly modified for

purposes of the present study. The gel phantom was made by embedding a lumbosacral spine
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model (spine L2-sacrum; Sawbones Europe AB, Malmö, Sweden) in a 10% solution of clear

ballistic gelatine (Clear Ballistics, LLC, Fort Smith, AR). The ligamentum flavum/dura complex

was represented by a water-fillable spinal gum tube (replacement tube from LP simulator

W44031; AKSE GbR, Wiesbaden, Germany) that was placed into the spinal canal; this served

to generate tactile feedback and hence inform the student whether the correct target layer had

been reached during the course of the puncture. During the trial period, the transparent gel

model was covered with black plastic foil so that participants had to exclusively rely on the

accompanying ultrasound image to guide the puncture, without any visual or tactile feedback.

The spinal tube was placed at depth of 5 cm, which represents the average distance between

the skin and the neuraxial structures in humans [6].

Compared techniques

The eZono1 4000 ultrasound machine with a linear 3- to 12-MHz probe was used for both

techniques tested. The NGS was turned OFF for Procedure 1, and ON for Procedure 2. A stan-

dard Quincke spinal needle (BD Spinal Needle 22 GA, REF 405256) was used for both proce-

dures. Prior to each of the two procedures, a transverse midline scan was performed to

identify the sacrum as well as the spinous processes L2-5, and these were then marked with a

white Edding 750 pen by a small line at the long side of the probe. The resulting 5 foil marks

represented the anatomical midline and were used to assist orientation in both procedures.

Procedure 1: Ultrasound-assisted lumbar puncture (UALP) with pre-procedural scan-

ning. We used a slightly-modified version of the ‘pre-procedure ultrasound-guided parame-

dian technique’ previously described by Srinivasan et al.[9]

Both the ultrasound scan and the puncture were performed sequentially, each on the same

side as the dominant hand (Fig 1). The probe was initially positioned in the sagittal direction,

approximately 1 cm lateral to the midline above the sacrum, and angled medially. This plane is

often referred to as the paramedian sagittal oblique (PSO)[9] view and provides the best win-

dow for ultrasound imaging of the spine[23]. The probe was then moved cranially until the rel-

evant interspace was reached and an optimal view into the spinal canal was obtained. For this

view, the tube representing the ligamentum flavum/dura complex should be as visibly clear as

possible. With the probe in the correct position, the midpoints of the four borders of the probe

were marked with a blue Edding 751 permanent marker. Additionally, the medial angulation

of the probe was memorized and later transferred onto the angulation of the needle. The 4

marks were then cross-wisely connected with the intersection, thus defining the paramedian

insertion point. Finally, the puncture was performed ‘freehand’ at the marked entry point with

respect to both the distance from the drawn midline and the memorized angulation of the

probe.

Procedure 2: UALP with a NGS. Both the ultrasound scan and puncture were performed

paramedially, approximately 1 cm lateral to the midline on opposite sides (Fig 2). After the

midline was marked as described above, right-handers held the probe in their left hand and,

beginning above the sacrum, performed a PSO scan on the left side of the midline until they

reached the relevant interspinous space. As soon as a clear view of the spinal canal was

obtained (see Procedure 1), the magnetized needle was slowly advanced into the magnetic

field of the probe, with the dominant hand on the opposite side of the transducer relative to

the drawn midline. Now the trajectory of the needle could be seen on the ultrasound screen

and positioned centrally in between the adjacent laminae by moving the needle cranially and

caudally in the sagittal plane. The needle was then placed gently onto the surface of the phan-

tom, and angled medially until the square box (representing the intersection of the needle

trajectory and the ultrasound beam) lay directly beneath the posterior wall of the tube (the

Ultrasound-guided lumbar puncture with a needle-guidance system: Evaluation of a new approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0195317 April 9, 2018 3 / 12

https://doi.org/10.1371/journal.pone.0195317


Fig 1. Procedure 1—Puncture with pre-procedural scanning. A. PSO view of spinal canal before procedure. C.

Marking the paramedian insertion point. D. Needle insertion at pre-marked insertion point. Steps taken for Procedure

1: The transducer is held in the right (dominant) hand and a paramedian sagittal oblique (PSO) scan is performed by

placing the transducer approximately 1 cm lateral to the midline (M) and angling it medially (A) until a clear view of

the spinal canal (SC) is obtained (B). The ligamentum flavum/dura mater complex (LF/DM) is represented by a sharp

hyperechoic line in between two adjacent laminae (L). The midpoints of the four borders of the probe can then be

marked (C). The probe is then set aside and the 4 marks are connected in a cross-wise fashion, thereby defining the

needle insertion point. Finally, the needle is inserted with the same angulation used to hold the probe (D).

https://doi.org/10.1371/journal.pone.0195317.g001
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ligamentum flavum/dura complex) inside the spinal canal. Afterwards, the needle could slowly

be inserted into the phantom while controlling the correct advancement on the ultrasound

screen in real-time.

Study protocol

This randomized, volunteer, crossover study was conducted in the Department of Neurology

and Neuroscience at the Medical Center of the University of Freiburg, and approved by the

local ethics committee (Ethics Commission of the Medical Center–University of Freiburg;

approval number: 427/16). Twenty-four volunteering medical students participating in the

regular neurology course were recruited. After written informed consent was obtained, partici-

pants were enrolled in six modules in groups of four participants. To assess the novice status of

each participant, students were asked to complete a pre-test questionnaire.

A sealed envelope technique was used to pseudo-randomize participants to begin either

with Procedure 1 or 2. Each module was split into two consecutive parts, an exercise and a trial

section. The one-hour practice period consisted of three parts: Firstly, the participants fol-

lowed a standardized 10-minute presentation including videos, introducing the objectives of

the study and providing the relevant background information for the UALP. This was followed

by a 10-minute live demonstration of the two procedures according to standard protocol, and

a 40-minute supervised hands-on practice period. During this practice period the participants

were divided into pairs, each of whom had 20 minutes to familiarize themselves with both

techniques.

In the trial period, the participants were asked to perform six punctures with each proce-

dure, having a small wash-out break after each block of three punctures, and changing to the

Fig 2. Procedure 2 –Real-time puncture using a needle-guidance-system. Steps taken for Procedure 2: A. Schematic overview of the approach

to Procedure 2. Both the transducer and the needle are positioned paramedially (P), approximately 1 cm lateral to the midline (M) and with

medial angulation. The needle is shown to meet the ultrasound beam near the anatomical midline. B. Depiction of Procedure 2 under study-like

conditions. The needle is held and introduced with the dominant hand while controlling for its advancement in real-time on the ultrasound

screen (C). The solid line in C represents the actual advancement of the needle in line with the calculated trajectory, which is represented by the

dotted line. The red square embodies the target, namely, the intersection between the ultrasound beam with the needle trajectory. Thus, the

target should directly lie beneath the ligamentum flavum/dura mater complex (LF/DM) in the spinal canal (SC) between the two adjacent

laminae (L). As soon as the needle (solid line) meets the ultrasound beam, the red square turns green, indicating that the tip of needle is

theoretically lying inside the spinal canal.

https://doi.org/10.1371/journal.pone.0195317.g002
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other modality after six punctures. The punctures were always performed from caudal to cra-

nial in the L4/L5, L3/L4 and L2/3 interspaces, respectively. Successful punctures were first-pass

hits only, defined as the backflow of water through the needle after the stylet was removed,

without the option of revising the needle position. The number of successful punctures and

the time taken between placing the probe onto the surface of the phantom and successfully

completing the puncture was noted by the investigators.

Evaluation

After completion of the 12 punctures, participants were asked to answer a post-study question-

naire containing a modified NASA-TLX, in order to quantify the workload required for each

procedure[15,24]. A scale from 0 (low) to 20 (high) was used to rate the perceived amount of

work for a specific task across six categories (mental, physical and temporal demand plus the

perceived performance, effort, and level of frustration). Additionally, participants were asked

to assess their own ability on a scale of 1 (low) to 10 (high), and to state which modality (P1 or

P2) they would prefer if they had the choice.

Statistical analysis

IBM SPSS statistics 23 software (IBM Corp., IBM SPSS Statistics for Windows, Version 23.0.

Armonk, NY) was used for statistical analyses. The Wilcoxon signed-rank test for non-

parametric paired observations was used to compare the number of successful punctures, per-

formance times and answers to the post-study questionnaire. Differences in success rates

based on starting modality or gender were compared using the Mann-Whitney U test. The

Spearman rank-order correlation coefficient was used to measure the association between the

answers given in the pre-test questionnaire and success rates. The significance level was set at

0.05.

Results

Demographic data from the 24 participants are presented in Table 1. Most participants had no

experience with LP (18/24; 75%) or UALP (22/24; 92%), and less than 10 hours of ultrasound

training (19/24; 79%).

The use of the NGS significantly increased the number of successful first pass punctures

overall (72% with P2 vs 47% with P1), and per participant (median 5 of 6 with P2 vs 3 of 6 with

P1, p = 0.005) (Table 2).

NGS application was also associated with a significant reduction in performance time (118

seconds vs. 80.6 seconds, p< 0.001) (Table 2).

Neither the variables from the pre-test questionnaire, nor randomisation to a particular ini-

tial modality correlated with the number of successful punctures.

All participants completed the post-study questionnaire. Comparison of the two modalities

showed a significant difference in the following three fields, all in favour of the NGS: Partici-

pants reported a lower level of frustration (7 vs. 13; p = 0.003), a better self-assessed perfor-

mance (15 vs. 11; p = 0.004), and an overall higher degree of learnability when using the NGS

(7 vs. 4; p = 0.001) (Table 3). These findings also concur with the finding that 23/24 (96%) par-

ticipants preferred P2 (with NGS) over P1 (pre-procedural scan).

Discussion

In contrast to other procedures such as central venous line placement into the internal jugular

vein[25], ultrasound assistance has not yet made its way into daily neuraxial procedures[26].
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This could be due to the extensive training required[27], since envisaging neuraxial structures

in 3D in combination with a paramedian or midline puncture is a complex task. Hence, such

procedures are usually reserved for experts rather than an inexperienced practitioner who is

lacking in confidence.

We considered whether applying an NGS during UALP would help overcome these diffi-

culties. The best approach to NGS-assisted UALP remains unclear due to a lack of systematic

evaluations, with only case reports and case series existing. Brinkmann et al.[20] and Niazi

et al.[19] agreed that an out-of-plane approach more advantageous to the in-plane approach

when using an NGS. We combined this finding with a paramedian puncture technique, and

developed a real-time, paramedian, needle-guided out-of-plane puncture (Procedure 2). As

the midline marking is not necessarily required for this procedure, only the PSO view needs to

be trained, internalized and performed. This not only potentially saves time, it also helps to

minimize the levels of background knowledge required for spinal sonoanatomy. Our study

evaluated the learnability and feasibility of this new approach.

Table 1. Baseline characteristics of participants.

Variable Na

Gender Male 11 (46)

Female 13 (54)

Year of medical degree 3rd year 2 (8)

4th year 17 (71)

> 4th year 5 (21)

Experience with lumbar punctures No experience 18 (75)

< 10 lumbar punctures on patients or phantoms 5 (21)

� 10 lumbar punctures on patients or phantoms 1 (4)

Experience with ultrasound < 10 hours training on patients or phantoms 19 (79)

> 10 hours training on patients or phantoms 5 (21)

Experienced handling of ultrasound 0 (0)

Experience with UALPs No experience 22 (92)

Observation of UALPs 2 (8)

Execution of an UALP on a patient or phantom 0 (0)

Age 24,40 [21–33] b

Abbreviations: UALP = Ultrasound assisted lumbar puncture
a. N = 24 (100%); Data presented as absolute numbers of participants (%)
b. Age presented as average age of all participants [range]

https://doi.org/10.1371/journal.pone.0195317.t001

Table 2. Successful punctures and time required.

Preprocedural Needle guidance P value c

Successful punctures

Overall success proportion a 68/144 (47) 103/144 (72)

Successful punctures per participant b 3 [1.3–4.0] 5 [3.3–5.0] 0.005

Median time to success b 118 [101.7–136.7] 80.6 [73.8–108.0] < 0.001

Success is presented as number of first pass hits, time is presented in seconds
a. Values are presented as absolute numbers of first pass hits (%)
b. Values represent the median [interquartile range]
c. Two-tailed

https://doi.org/10.1371/journal.pone.0195317.t002
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To systematically examine our new approach, we applied a study framework with three

prerequisites:

Firstly, we chose medical students as participants, because they are most likely to be novice

operators with minimal experience in ultrasound, LP and UALP. Indeed, the majority of par-

ticipants were novices in all three modalities, making them ideal candidates for examining

both the learnability and feasibility of the two procedures. We chose a certain amount of time

for the practice period rather than a specific number of punctures, since, from our perspective,

a given time interval better reflects students’ different ways of learning.

Secondly, we used custom-made phantom models, which have the advantage of guarantee-

ing identical test environments and enabling multiple punctures under the same conditions.

Furthermore, phantoms have already been shown to be an appropriate and realistic[28] train-

ing tool for learning how to do a LP[29], where the acquired competence can be transferred to

a clinical setting[30].

Thirdly, since the conventional landmark-guided approach was not possible in our model

due to the lack of a phantom os ilium, we based our procedure on that described by Srinivasan

et al.[9] These authors applied a pre-procedural scan using the paramedian sagittal oblique

(PSO) view of the spinal canal, which, according to most studies, provides the optimal window

for ultrasound imaging[23]. Srinivasan et al. complemented their approach with a paramedian

needle insertion point, for which many authors have described theoretical advantages over the

conventional midline approach[31,32]. Using this approach in a prospective randomized con-

trolled study, Srinivasan and colleagues were able to demonstrate a significant decrease in the

number of both needle passes and attempts in comparison to the conventional landmark-

guided midline approach. This combination of paramedian puncture and ultrasound is there-

fore comparable to our newly-developed P2.

In the present study, this procedure (P1) proved to be fairly learnable by novices and

resulted in moderate success rates of 42%, but participants rated it rather highly in terms of

frustration levels (median 13/20, IQR 7.5–17) and relatively low for learner assessment of own

ability (median 4/10, IQR 3.3–6).

Our newly-developed NGS-assisted approach resulted in a significant increase in successful

punctures, as well as shorter performance times compared to the procedure described by Srini-

vasan et al.[9] Furthermore, the significantly better overall rating for P2, as indicated in the

Table 3. Results of the post-study questionnaire.

Task question Pre-procedural scan Needle guidance P value c

Mental demand 13.5 (11.0–16.0) 14 (11.0–16.0) 0.819

Physical demand 11.5 (7.5–13.0) 12 (7.0–14.0) 0.393

Temporal demand 10 (6.0–12.0) 8 (5.0–11.0) 0.058

Performance 11 (5.3–14.0) 15 (13.0–17.8) 0.004

Effort 12.5 (11.0–15.0) 12.5 (11.0–15.0) 0.954

Frustration level 13 (7.5–17.0) 7 (4.3–9.0) 0.003

Learner’s assessment of own ability a 4 (3.3–6.0) 7 (6.0–8.0) 0.001

Preferred modality b 1/24 (4) 23/24 (96)

Data represent the median (interquartile range)

Abbreviations: IQR = interquartile range
a. Within a range from 1 (low) to 10 (high)
b. Absolute numbers of participants (%)
c. Two-tailed

https://doi.org/10.1371/journal.pone.0195317.t003
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post-study questionnaire, shows the feasibility and good learnability of the procedure, despite

it appearing theoretically complex. Participants quickly recognized the osseous structures in

the ultrasound image, and then intuitively used the NGS eZGuide1 system: Analogous to a

simple video game, it urged participants to match the requested target area (i.e., spinal canal)

with a virtual red square, and then use the ultrasound screen to insert the needle at a slow pace

while controlling for correct advancement in real-time until the square turned green. This

visual feedback might be the crucial factor in simplifying the learning process, namely by pro-

viding more confidence to the operator and thereby reducing frustration levels; this, in turn,

leads to a higher success rate.

Our NGS-assisted approach was learned within just one hour of training, enabling novices

to overcome known obstacles of the “blind” paramedian approach, such as an existing under-

standing of 3D structure and a strong comprehension of sonoanatomy.

Since NGSs are a relatively new development, they are still hampered by the complexity

and costs associated with the ultrasound machines and accessories[21]. The electromagnetic

NGS used in this study offers two main advantages over other commercially-available solu-

tions: 1. No additional instruments are required because the technology has been incorporated

into the transducer, keeping the system simple and familiar, and 2. Most standard LP needles

can be used, since they contain ferromagnetic material that is magnetized under sterile condi-

tions prior to the puncture, thus making the procedure cost-neutral.

There were also several limitations to our study. The procedures were conducted on cus-

tom-made phantoms composed of synthetic ballistic gelatine, which has a lower echogenity

than real tissue. This, however, had no influence on the main outcome of the study, as the same

models were used for both procedures. The haptic characteristics of the models and the missing

flexion of their spine did not allow a realistic comparison of P2 to the conventional, landmark-

guided approach. Since phantom-based studies are generally limited in terms of clinical reality,

the clinical relevance of results such as success rates or the duration of a successful puncture is

restricted. In addition, results may alter in a clinical setting due to a different handling of the

needle and the probe, when the technique is conducted on real patients in the prone, sitting or

lateral decubitus position. It has to be noted that some of the participants had a little experience

with US, LP and UALP (Table 1). However, we do not think that participants’ previous experi-

ence did confound our results substantially, as we applied a cross-over design, ensuring that

prior experience, if at all, is potentially useful for both procedures carried out by the same par-

ticipant. Although the 72% success rate associated with the NGS does not appear advantageous

to those rates reported for conventional landmark-guided approaches, it should be noted that

this study included absolute beginners who only had about one hour to practice neuraxial ultra-

sound, using the NGS, and performing the LP itself. More importantly, only first-pass hits were

counted as successful. Although first-pass success rates are rarely reported in the literature,

those that do exist are just above 60% [4,5]. Accordingly, first-pass hits should set the bench-

mark for future work, as redirections and osseous contacts tend to cause multiple problems

[4,5,33–38] and may be the reason for fear and refusal of LP among patients.

Taken together, we provide the first evidence that an ultrasound-assisted, needle-guided,

paramedian, out-of-plane approach significantly enhances LP performance. It reduces the

required workload and is easily learned by novices. Although the conventional landmark-

guided LP is a relatively safe, easy and cost-effective procedure, UALP with NGS—by making

the first-pass hit predictable—could overcome pain, patient discomfort and other complica-

tions such as postdural puncture headache, and might therefore become a clinically-plausible

alternative to the conventional landmark-guided LP in the future.

Moreover, the use of UALP with NGS could help overcome inexperience and lack of confi-

dence in situations where LP is not performed routinely. It could also serve as an important
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teaching tool by helping novices to gain a deeper knowledge of spinal anatomy, as well as to

gather experience, handling-skills and self-confidence[12,14,39]. Finally, UALP with NGS

could serve to either complement—or even replace—fluoroscopically-guided lumbar puncture

in difficult LP cases, including those in previously-operated or elderly patients with inflexible

spines or difficult landmarks, or in ventilated ICU patients in the prone position. Studies on

patients in a clinical setting, comparing P2 to the conventional, landmark-guided technique,

are therefore warranted to confirm the promising results of this study, as well as to assess the

use of the NGS for the clinical practice.

Supporting information

S1 File. Raw data.

(XLSX)

S2 File. Modified NASA-TLX.

(PDF)

S3 File. Modified NASA-TLX–English version.

(PDF)

Author Contributions

Conceptualization: Tilo Backhaus, Jochen Brich.

Data curation: Tilo Backhaus, Moritz von Cranach, Jochen Brich.

Formal analysis: Tilo Backhaus, Moritz von Cranach, Jochen Brich.

Investigation: Tilo Backhaus, Jochen Brich.

Methodology: Tilo Backhaus, Jochen Brich.

Resources: Tilo Backhaus, Jochen Brich.

Supervision: Jochen Brich.

Visualization: Tilo Backhaus.

Writing – original draft: Tilo Backhaus, Jochen Brich.

Writing – review & editing: Tilo Backhaus, Moritz von Cranach, Jochen Brich.

References
1. Boon JM, Abrahams PH, Meiring JH, Welch T. Lumbar puncture: anatomical review of a clinical skill.

Clin Anat. 2004; 17: 544–553. https://doi.org/10.1002/ca.10250 PMID: 15376294

2. Edwards C, Leira EC, Gonzalez-Alegre P. Residency training: a failed lumbar puncture is more about

obesity than lack of ability. Neurology. 2015; 84: e69–72. https://doi.org/10.1212/WNL.

0000000000001335 PMID: 25754807

3. Peterson MA, Pisupati D, Heyming TW, Abele JA, Lewis RJ. Ultrasound for routine lumbar puncture.

Acad Emerg Med. 2014; 21: 130–136. https://doi.org/10.1111/acem.12305 PMID: 24673668

4. de Filho GR, Gomes HP, da FMH, Hoffman JC, Pederneiras SG, Garcia JH. Predictors of successful

neuraxial block: a prospective study. European Journal of Anaesthesiology. 2002; 19: 447–451. PMID:

12094920

5. Conroy PH, Luyet C, McCartney CJ, McHardy PG. Real-time ultrasound-guided spinal anaesthesia: a

prospective observational study of a new approach. Anesthesiol Res Pract. 2013; 2013: 525818.

https://doi.org/10.1155/2013/525818 PMID: 23365568

Ultrasound-guided lumbar puncture with a needle-guidance system: Evaluation of a new approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0195317 April 9, 2018 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195317.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195317.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195317.s003
https://doi.org/10.1002/ca.10250
http://www.ncbi.nlm.nih.gov/pubmed/15376294
https://doi.org/10.1212/WNL.0000000000001335
https://doi.org/10.1212/WNL.0000000000001335
http://www.ncbi.nlm.nih.gov/pubmed/25754807
https://doi.org/10.1111/acem.12305
http://www.ncbi.nlm.nih.gov/pubmed/24673668
http://www.ncbi.nlm.nih.gov/pubmed/12094920
https://doi.org/10.1155/2013/525818
http://www.ncbi.nlm.nih.gov/pubmed/23365568
https://doi.org/10.1371/journal.pone.0195317


6. Soni NJ, Franco-Sadud R, Schnobrich D, Dancel R, Tierney DM, Salame G, et al. Ultrasound guidance

for lumbar puncture. Neurol Clin Pract. 2016; 6: https://doi.org/10.1212/CPJ.0000000000000265

PMID: 27574571

7. Shaikh F, Brzezinski J, Alexander S, Arzola C, Carvalho Jose C A, Beyene J, et al. Ultrasound imaging

for lumbar punctures and epidural catheterisations: systematic review and meta-analysis. BMJ. 2013;

346: f1720. https://doi.org/10.1136/bmj.f1720 PMID: 23532866

8. Chin KJ, Chan V W S, Ramlogan R, Perlas A. Real-time ultrasound-guided spinal anesthesia in patients

with a challenging spinal anatomy: two case reports. Acta Anaesthesiol Scand. 2010; 54: 252–255.

https://doi.org/10.1111/j.1399-6576.2009.02112.x PMID: 19839951

9. Kallidaikurichi Srinivasan K, Iohom G, Loughnane F, Lee PJ. Conventional Landmark-Guided Midline

Versus Preprocedure Ultrasound-Guided Paramedian Techniques in Spinal Anesthesia. Anesth.

Analg. 2015; 121: 1089–1096. https://doi.org/10.1213/ANE.0000000000000911 PMID: 26270115

10. Meiser VC, Kreysa H, Guntinas-Lichius O, Volk GF. Comparison of in-plane and out-of-plane needle

insertion with vs. without needle guidance. Eur Arch Otorhinolaryngol. 2015. https://doi.org/10.1007/

s00405-015-3806-3 PMID: 26498947

11. Kopacz DJ, Neal JM, Pollock JE. The regional anesthesia "learning curve". What is the minimum num-

ber of epidural and spinal blocks to reach consistency. Reg Anesth. 1996; 21: 182–190. PMID:

8744658

12. Kim EJ, Min J, Song J, Song K, Song JH, Byon HJ. The effect of electromagnetic guidance system on

early learning curve of ultrasound for novices. Korean J Anesthesiol. 2016; 69: 15–20. https://doi.org/

10.4097/kjae.2016.69.1.15 PMID: 26885296

13. Swenson JD, Klingler KR, Pace NL, Davis JJ, Loose EC. Evaluation of a New Needle Guidance System

for Ultrasound: Results of a Prospective, Randomized, Blinded Study. Reg Anesth Pain Med. 2016; 41:

356–361. https://doi.org/10.1097/AAP.0000000000000390 PMID: 27035460

14. McVicar J, Niazi AU, Murgatroyd H, Chin KJ, Chan VW. Novice performance of ultrasound-guided nee-

dling skills: effect of a needle guidance system. Reg Anesth Pain Med. 2015; 40: 150–153. https://doi.

org/10.1097/AAP.0000000000000209 PMID: 25642909

15. Kopac DS, Chen J, Tang R, Sawka A, Vaghadia H. Comparison of a novel real-time SonixGPS needle-

tracking ultrasound technique with traditional ultrasound for vascular access in a phantom gel model. J.

Vasc. Surg. 2013; 58: 735–741. https://doi.org/10.1016/j.jvs.2013.03.007 PMID: 23683378

16. Sander D, Schick V, Ecker H, Lindacher F, Felsch M, Spelten O, et al. Novel Navigated Ultrasound

Compared With Conventional Ultrasound for Vascular Access-a Prospective Study in a Gel Phantom

Model. J Cardiothorac Vasc Anesth. 2015. https://doi.org/10.1053/j.jvca.2015.03.014 PMID: 26142368

17. Auyong DB, Yuan SC, Rymer AN, Green CL, Hanson NA. A randomized crossover study comparing a

novel needle guidance technology for simulated internal jugular vein cannulation. Anesthesiology.

2015; 123: 535–541. https://doi.org/10.1097/ALN.0000000000000759 PMID: 26154184

18. Tielens L K P, Damen R B C C, Lerou J G C, Scheffer G-J, Bruhn J. Ultrasound-guided needle handling

using a guidance positioning system in a phantom. Anaesthesia. 2014; 69: 24–31. https://doi.org/10.

1111/anae.12461 PMID: 24320855

19. Niazi AU, Chin KJ, Jin R, Chan VW. Real-time ultrasound-guided spinal anesthesia using the SonixGPS

ultrasound guidance system: a feasibility study. Acta Anaesthesiol Scand. 2014; 58: 875–881. https://

doi.org/10.1111/aas.12353 PMID: 24943307

20. Brinkmann S, Tang R, Sawka A, Vaghadia H. Single-operator real-time ultrasound-guided spinal injec-

tion using SonixGPS™: a case series. Can J Anaesth. 2013; 60: 896–901. https://doi.org/10.1007/

s12630-013-9984-9 PMID: 23780883

21. Wong SW, Niazi AU, Chin KJ, Chan VW. Real-time ultrasound-guided spinal anesthesia using the

SonixGPS® needle tracking system: a case report. Can J Anaesth. 2013; 60: 50–53. https://doi.org/10.

1007/s12630-012-9809-2 PMID: 23090451

22. Morrow DS, Cupp JA, Broder JS. Versatile, Reusable, and Inexpensive Ultrasound Phantom Proce-

dural Trainers. J Ultrasound Med. 2016; 35: 831–841. https://doi.org/10.7863/ultra.15.04085 PMID:

26969595

23. Grau T, Leipold RW, Horter J, Conradi R, Martin EO, Motsch J. Paramedian access to the epidural

space: the optimum window for ultrasound imaging. Journal of Clinical Anesthesia. 2001; 13: 213–217.

https://doi.org/10.1016/S0952-8180(01)00245-8 PMID: 11377160

24. Hart SG. Nasa-Task Load Index (NASA-TLX); 20 Years Later. Proceedings of the Human Factors and

Ergonomics Society Annual Meeting. 2006; 50: 904–908. https://doi.org/10.1177/

154193120605000909

25. Troianos CA, Hartman GS, Glas KE, Skubas NJ, Eberhardt RT, Walker JD, et al. Special articles:

guidelines for performing ultrasound guided vascular cannulation: recommendations of the American

Ultrasound-guided lumbar puncture with a needle-guidance system: Evaluation of a new approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0195317 April 9, 2018 11 / 12

https://doi.org/10.1212/CPJ.0000000000000265
http://www.ncbi.nlm.nih.gov/pubmed/27574571
https://doi.org/10.1136/bmj.f1720
http://www.ncbi.nlm.nih.gov/pubmed/23532866
https://doi.org/10.1111/j.1399-6576.2009.02112.x
http://www.ncbi.nlm.nih.gov/pubmed/19839951
https://doi.org/10.1213/ANE.0000000000000911
http://www.ncbi.nlm.nih.gov/pubmed/26270115
https://doi.org/10.1007/s00405-015-3806-3
https://doi.org/10.1007/s00405-015-3806-3
http://www.ncbi.nlm.nih.gov/pubmed/26498947
http://www.ncbi.nlm.nih.gov/pubmed/8744658
https://doi.org/10.4097/kjae.2016.69.1.15
https://doi.org/10.4097/kjae.2016.69.1.15
http://www.ncbi.nlm.nih.gov/pubmed/26885296
https://doi.org/10.1097/AAP.0000000000000390
http://www.ncbi.nlm.nih.gov/pubmed/27035460
https://doi.org/10.1097/AAP.0000000000000209
https://doi.org/10.1097/AAP.0000000000000209
http://www.ncbi.nlm.nih.gov/pubmed/25642909
https://doi.org/10.1016/j.jvs.2013.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23683378
https://doi.org/10.1053/j.jvca.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/26142368
https://doi.org/10.1097/ALN.0000000000000759
http://www.ncbi.nlm.nih.gov/pubmed/26154184
https://doi.org/10.1111/anae.12461
https://doi.org/10.1111/anae.12461
http://www.ncbi.nlm.nih.gov/pubmed/24320855
https://doi.org/10.1111/aas.12353
https://doi.org/10.1111/aas.12353
http://www.ncbi.nlm.nih.gov/pubmed/24943307
https://doi.org/10.1007/s12630-013-9984-9
https://doi.org/10.1007/s12630-013-9984-9
http://www.ncbi.nlm.nih.gov/pubmed/23780883
https://doi.org/10.1007/s12630-012-9809-2
https://doi.org/10.1007/s12630-012-9809-2
http://www.ncbi.nlm.nih.gov/pubmed/23090451
https://doi.org/10.7863/ultra.15.04085
http://www.ncbi.nlm.nih.gov/pubmed/26969595
https://doi.org/10.1016/S0952-8180(01)00245-8
http://www.ncbi.nlm.nih.gov/pubmed/11377160
https://doi.org/10.1177/154193120605000909
https://doi.org/10.1177/154193120605000909
https://doi.org/10.1371/journal.pone.0195317


Society of Echocardiography and the Society Of Cardiovascular Anesthesiologists. Anesth. Analg.

2012; 114: 46–72. PMID: 22127816

26. Paech MJ, Hillyard SG. New techniques and technologies for obstetric anaesthesia. Int J Obstet

Anesth. 2012; 21: 101–102. https://doi.org/10.1016/j.ijoa.2011.09.003 PMID: 22137508

27. Margarido CB, Arzola C, Balki M, Carvalho JCA. Anesthesiologists’ learning curves for ultrasound

assessment of the lumbar spine. Can J Anaesth. 2010; 57: 120–126. https://doi.org/10.1007/s12630-

009-9219-2 PMID: 20041358

28. Uppal V, Kearns RJ, McGrady EM. Evaluation of M43B Lumbar puncture simulator-II as a training tool

for identification of the epidural space and lumbar puncture. Anaesthesia. 2011; 66: 493–496. https://

doi.org/10.1111/j.1365-2044.2011.06710.x PMID: 21568983

29. Barsuk JH, Cohen ER, Caprio T, McGaghie WC, Simuni T, Wayne DB. Simulation-based education

with mastery learning improves residents’ lumbar puncture skills. Neurology. 2012; 79: 132–137.

https://doi.org/10.1212/WNL.0b013e31825dd39d PMID: 22675080

30. White ML, Jones R, Zinkan L, Tofil NM. Transfer of simulated lumbar puncture training to the clinical set-

ting. Pediatr Emerg Care. 2012; 28: 1009–1012. https://doi.org/10.1097/PEC.0b013e31826ca96b

PMID: 23023465

31. Rabinowitz A, Bourdet B, Minville V, Chassery C, Pianezza A, Colombani A, et al. The paramedian

technique: a superior initial approach to continuous spinal anesthesia in the elderly. Anesth. Analg.

2007; 105: 1855–7. https://doi.org/10.1213/01.ane.0000287655.95619.fa PMID: 18042894

32. Islam Md. Rafiqul, Hossain Mozaffer, Kabir Quazi Arefin, Alim Abdul. PARAMEDIAN APPROACH FOR

SUBARACHNOID BLOCKADE–A MARVELLOUS TECHNIQUE HAVING LESS ATTENTION. Journal

of BSA, Vol. 19, No. 1 & 2, 2006. 2006.

33. de Seze M-P, Sztark F, Janvier G, Joseph P-A. Severe and long-lasting complications of the nerve root

and spinal cord after central neuraxial blockade. Anesth. Analg. 2007; 104: 975–979. https://doi.org/10.

1213/01.ane.0000253485.75797.e7 PMID: 17377116

34. Puolakka R, Haasio J, Pitkanen MT, Kallio M, Rosenberg PH. Technical aspects and postoperative

sequelae of spinal and epidural anesthesia: a prospective study of 3,230 orthopedic patients. Reg

Anesth Pain Med. 2000; 25: 488–497. https://doi.org/10.1053/rapm.2000.7607 PMID: 11009234

35. Flaatten H, Felthaus J, Larsen R, Bernhardsen S, Klausen H. Postural post-dural puncture headache

after spinal and epidural anaesthesia. A randomised, double-blind study. Acta Anaesthesiol Scand.

1998; 42: 759–764. https://doi.org/10.1111/j.1399-6576.1998.tb05318.x PMID: 9698949

36. Auroy Y, Narchi P, Messiah A, Litt L, Rouvier B, Samii K. Serious complications related to regional anes-

thesia: results of a prospective survey in France. Anesthesiology. 1997; 87: 479–486. PMID: 9316950

37. Wulf H. Epidural anaesthesia and spinal haematoma. Can J Anaesth. 1996; 43: 1260–1271. https://

doi.org/10.1007/BF03013437 PMID: 8955979

38. Harrison DA, Langham BT. Spinal anaesthesia for urological surgery. Anaesthesia. 1992; 47: 902–

903. https://doi.org/10.1111/j.1365-2044.1992.tb03161.x PMID: 1443490

39. Keri Z, Sydor D, Ungi T, Holden MS, McGraw R, Mousavi P, et al. Computerized training system for

ultrasound-guided lumbar puncture on abnormal spine models: a randomized controlled trial. Can J

Anaesth. 2015; 62: 777–784. https://doi.org/10.1007/s12630-015-0367-2 PMID: 25804431

Ultrasound-guided lumbar puncture with a needle-guidance system: Evaluation of a new approach

PLOS ONE | https://doi.org/10.1371/journal.pone.0195317 April 9, 2018 12 / 12

http://www.ncbi.nlm.nih.gov/pubmed/22127816
https://doi.org/10.1016/j.ijoa.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22137508
https://doi.org/10.1007/s12630-009-9219-2
https://doi.org/10.1007/s12630-009-9219-2
http://www.ncbi.nlm.nih.gov/pubmed/20041358
https://doi.org/10.1111/j.1365-2044.2011.06710.x
https://doi.org/10.1111/j.1365-2044.2011.06710.x
http://www.ncbi.nlm.nih.gov/pubmed/21568983
https://doi.org/10.1212/WNL.0b013e31825dd39d
http://www.ncbi.nlm.nih.gov/pubmed/22675080
https://doi.org/10.1097/PEC.0b013e31826ca96b
http://www.ncbi.nlm.nih.gov/pubmed/23023465
https://doi.org/10.1213/01.ane.0000287655.95619.fa
http://www.ncbi.nlm.nih.gov/pubmed/18042894
https://doi.org/10.1213/01.ane.0000253485.75797.e7
https://doi.org/10.1213/01.ane.0000253485.75797.e7
http://www.ncbi.nlm.nih.gov/pubmed/17377116
https://doi.org/10.1053/rapm.2000.7607
http://www.ncbi.nlm.nih.gov/pubmed/11009234
https://doi.org/10.1111/j.1399-6576.1998.tb05318.x
http://www.ncbi.nlm.nih.gov/pubmed/9698949
http://www.ncbi.nlm.nih.gov/pubmed/9316950
https://doi.org/10.1007/BF03013437
https://doi.org/10.1007/BF03013437
http://www.ncbi.nlm.nih.gov/pubmed/8955979
https://doi.org/10.1111/j.1365-2044.1992.tb03161.x
http://www.ncbi.nlm.nih.gov/pubmed/1443490
https://doi.org/10.1007/s12630-015-0367-2
http://www.ncbi.nlm.nih.gov/pubmed/25804431
https://doi.org/10.1371/journal.pone.0195317

