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Background: Successful brachial plexus blockade produces sympathetic blockade, resulting in increased skin temperature in the
blocked segments. This study aimed to evaluate the accuracy of infrared thermography in predicting failed segmental supraclavicular
brachial plexus block.

Methods: This prospective observational study included adult patients undergoing upper-limb surgery under supraclavicular brachial
plexus block. Sensation was evaluated at the dermatomal distribution of the ulnar, median, and radial nerves. Block failure was defined
as absence of complete sensory loss 30 min after block completion. Skin temperature was evaluated by infrared thermography at the
dermatomal supply of the ulnar, median, and radial nerves at baseline, 5, 10, 15, and 20 min after block completion. The temperature
change from the baseline measurement was calculated for each time point. Outcomes were the ability of temperature change at each
site to predict failed block of the corresponding nerve using area under receiver-operating characteristic curve (AUC) analysis.
Results: Eighty patients were available for the final analysis. The AUC (95% confidence interval [CI]) for the ability of temperature
change at 5 min to predict failed ulnar, median, and radial nerve block was 0.79 (0.68-0.87), 0.77 (0.67—0.86), and 0.79 (0.69-0.88).
The AUC (95% CI) increased progressively and reached its maximum values at 15 min (ulnar nerve 0.98 [0.92—1.00], median nerve
0.97 [0.90-0.99], radial nerve 0.96 [0.89-0.99]) with negative predictive value of 100%.

Conclusion: Infrared thermography of different skin segments provides an accurate tool for predicting failed supraclavicular brachial
plexus block. Increased skin temperature at each segment can exclude block failure in the corresponding nerve with 100% accuracy.

Keywords: supraclavicular brachial plexus block, infrared thermography, skin temperature, block failure, analgesia, upper-limb
surgery

Introduction

Peripheral nerve blocks are commonly used as sole anesthetic technique because they provide dense anesthesia, potent
postoperative analgesia, and avoid the hazards of systemic analgesic drugs. Insufficient nerve block is an important factor
in decreased patient satisfaction when regional anesthesia is used for upper-extremity surgery.' Therefore, early detection
of block failure would allow application of rescue techniques in timely fashion, which would improve patient satisfaction
and save time in the operating theater.

The common approach for evaluation of block success is through assessment of motor and sensory components of the desired
segments. However, this approach is usually delayed, subjective, and not possible if the patient is sedated or uncooperative.>
Therefore, there is increased interest in the use of objective methods for discriminating successful and failed blocks.>
Successful block is associated with sympathetic blockade in the blocked segments, resulting in increased skin temperature at
the blocked segments.>® Therefore, evaluation of skin temperature after peripheral nerve block had been hypothesized to
discriminate failed and successful blocks. This hypothesis was confirmed in epidural anesthesia’ and paravertebral block.®
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However, similar studies in the brachial plexus showed conflicting results.”'® Skin temperature was able to predict failure of
infraclavicular brachial plexus block,*’ but failed to achieve the same purpose after interscalene brachial plexus block.'® This
conflicting evidence suggests that the thermal response might differ according to the block site. Lange et al found that successful
block of ulnar and median nerves was associated with increased skin temperature in their specific segments, while radial and
musculocutaneous nerve block was not,'! denoting heterogeneity in the effect of different nerve blockades on the temperature of
the corresponding skin.

Therefore, the accuracy of skin temperature changes for detecting block success should be evaluated separately for
each block site as well as for each dermatome affected by this block before its implementation in clinical practice.
Supraclavicular brachial plexus block is a common block for upper-extremity operations and preferred by many
physicians because it is easy to perform through a single-puncture approach and has a high success rate.'” Evaluating
this block using thermal imaging has not previously been done. Hence, this study aimed to evaluate the accuracy of
thermal imaging in predicting failed supraclavicular brachial plexus block. We hypothesized that in supraclavicular
brachial plexus block, temperature changes at different skin dermatomes can predict failed block of the corresponding
nerve.

Methods

This prospective observational study was conducted at Cairo University Hospital after institutional ethics committee
approval (MD-376-2020) from February 2021 to March 2022. Written informed consent was obtained from all patients
before enrolment. Participants were consecutive adult (aged 18—65 years) patients scheduled for elective upper-limb
procedures under ultrasound-guided supraclavicular brachial plexus block. Patients with wound or inflammation at the
examination site, peripheral vascular disease, or peripheral neuropathy were excluded.

In the anesthesia preparation room, routine monitoring was applied (electrocardiography, noninvasive blood pressure,
and pulse oximetry) and vascular access was secured. Patients received 0.05 mg/kg midazolam as appropriate before
temperature measurement and block performance. The preparation room temperature was usually 21-23°C. All skin
coverage and bandages were removed from the hand and forearm. The patient was allowed to adapt to the room
temperature for about 20 min before temperature measurement and block performance.

Supraclavicular brachial plexus block was performed by an experienced operator using a high-frequency linear
transducer (8-12 MHz) connected to a Siemens ultrasound machine (Acusonx 300). The patient was placed in
a semisitting position, with their head turned to the contralateral side of the block. After sterilization of the block site
and local infiltration with local anesthetic, the transducer was placed in the coronal plane superior to the clavicle. The
subclavian artery, pleura, and first rib were visualized, and the brachial plexus was identified as a hypoechoic structure
posterior and superficial to the subclavian artery. An insulated block needle (22 G) was advanced in-plane to the
transducer from lateral to medial toward the brachial plexus. A 25mL local anesthetic solution (bupivacaine 0.5% and
lidocaine 2% at a ratio of 1:1) was injected under vision after negative aspiration at the pocket between the subclavian
artery and the first rib, as well as at the nerve cluster superficial to the artery (double-point injection). The distribution of
local anesthetic volume between the two injections was left to operator preference.

Motor and sensory functions were evaluated at 5-min intervals after block performance for 30 min. Motor function
was evaluated by: the ability of the patient to extend the wrist joint against resistance (radial nerve), flex the distal
interphalangeal joint of the little digit against resistance (ulnar nerve), oppose the index finger against resistance (median
nerve), and flex the elbow joint against resistance (musculocutaneous). The blocked limb was compared to the other limb
during evaluation of all nerves.

Sensory function was evaluated at the dermatomal distribution of each of the ulnar, median, radial, and musculocu-
taneous nerves using pieces of ice and pinprick. The area for sensory assessment was away from that for temperature
assessment. Block failure was defined as failure of the block to provide complete sensory loss after 30 min of local
anesthetic injection. In the case of tourniquet pain or segmental nerve sparing that did not involve the operative area,
supplemental analgesia (50 pg fentanyl) was provided as appropriate. General anesthesia was provided if any of the
following occurred: failure of supplementary analgesia, segmental nerve sparing involving the operative area, or
complete block failure.
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Evaluation of Skin Temperature

Skin temperature was evaluated by an assistant blinded to the block results using an FLIR C2 compact thermal camera
(FLIR Systems, Oregon, USA). Prior to temperature measurement, the focal length of the thermal camera was adjusted at
0.5 meters from the patient’s upper extremity. The camera was calibrated to eliminate the effect of the room temperature
before use in each patient, scanning for each area was conducted for 10 seconds, and the temperature was recorded after
reaching a stable reading. The temperature was recorded at three points: tip of the little finger (ulnar nerve), tip of the
index finger (median nerve), and base of the dorsal aspect of the index finger (radial nerve). Temperature was recorded at
baseline before local anesthetic injection and at 5, 10, 15, and 20 min after local anesthetic injection. Evaluation of skin
temperature was done for both the ipsilateral and contralateral sides to the block.

Temperature change was calculated as: the temperature measurement at each point — the baseline measurement. We did not
perform specific evaluation for the temperature at the musculoskeletal nerve segments. Musculocutaneous nerve block does
not produce temperature change at its skin territory according to Lange et al.'' Therefore, we did not include it to reduce the
examination time. The temperature recording was completed 20 min after block performance. If complete motor and sensory
loss had been achieved by then, the surgery was allowed without completing the 30 min period of assessment.

The primary outcome of our study was the ability of temperature change at the tip of the little finger 5 min after the
block to predict failed ulnar nerve blockade. Secondary outcomes included the ability of temperature change at each site
5, 10, 15, and 20 min after the block to predict failed block of the corresponding nerve. Temperature change at the little
finger, index finger, and dorsal base of the index finger were evaluated in patients with failed and successful musculo-
cutaneous nerve block after removal of overlapping failure with other segments.

Sample Size

Sample size was calculated using MedCalc version 14 (MedCalc Software, Ostend, Belgium) to detect area under the
receiver-operating characteristic curve (AUC) of 0.8 with null hypothesis at AUC of 0.5. The incidence of ulnar nerve
block failure in supraclavicular brachial plexus block ranged from 3% to 30%;'’ therefore, we used a conservative
approach in our calculations, considering an incidence of 10%. As a result, a minimum of 80 patients (with at least eight
failed blocks) was required to achieve a study power of 80% and a error of 0.05.

Statistical Analysis

MedCalc and SPSS 26 for Microsoft Windows (IBM, NY, USA) were used for statistical analysis. Categorical data are
presented as frequency (%). Continuous data were checked for normality using the Shapiro—Wilk test and are presented as
means + SD or median (quartiles) as appropriate. Unpaired continuous variables were compared using the Student’s #test or
Mann—Whitney U test as appropriate. Repeated-measures data were analyzed using the ANOVA. Adjustment for multiple
measurement was done using the Bonferroni test. AUC analysis was performed to evaluate the ability of the temperature
change at 5, 10, 15, and 20 min at each segment to predict failed block at the corresponding nerve. The best cutoff was
determined from the AUC using the Youden index. Positive and negative predictive values were then calculated. AUCs at
different time points were compared using the Hanley—McNeil test. P<0.05 was considered significant.

Results

A total of 87 patients were screened for eligibility, and seven were excluded for not meeting the inclusion criteria. Eighty
patients were included and analyzed. (Figure 1). The median (quartiles) age of the patients was 34 (28, 42) years, and 54/
80 (68%) were male. The number of patients with ulnar, median, radial, and musculocutaneous nerve block failure was
13 of 80 (16%), 9 of 80 (11%), 9 of 80 (11%), and 15 of 80 (19%), respectively (Table 1). Most of these nerve block
failures overlapped — details are illustrated in Figure 2). The cumulative incidence of patients with one or more segment
block failures was 19 of 80 (24%), and 14 of 80 (18%) required conversion to general anesthesia (no rescue blockade was
provided). Concurrent sensory loss and incomplete motor blockade of the same dermatome occurred in seven patients;
however, conversion to general anesthesia was needed in four of them due to incomplete sensory loss in the other
dermatomes. The other three cases did not require further intervention.
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Screened for eligibility (n=87)

Not fulfilling the inclusion criteria (n=7)
- Failed to obtain consent (n=5)
- Peripheral vascular disease (n=2)

| Included (n=80) |

| Analyzed (n=80) |

Figure | Patient enrolment.

Skin temperature increased in successful block segments in comparison to the baseline measurement, while it was
lower or comparable to the baseline measurement at the failed block segments and contralateral side to the block

(Figures 3 and 4). Temperature changes at each site in the ipsilateral limb to the block are shown in Figure 4. Details of

Table | Demographic, surgical, and anesthetic data

Age (years) 34 (28, 42)
Male sex 54 (68%)
Weight (kg) 80 (75, 90)
Body mass index (kg/m?) 28 (26, 32)
Comorbidity

Hypertension Il (14%)
Ischemic heart disease 2 (3%)
Chronic kidney disease 2 (3%)
Diabetes mellitus 6 (8%)

Surgical procedure

Elbow and forearm orthopedic surgery 27 (34%)
Tendon and/or nerve repair 17 (21%)
Carpal tunnel 9 (11%)
Arteriovenous fistula 7 (9%)
Simple ganglion 6 (8%)
Forearm skin graft 6 (8%)
Trigger finger 4 (5%)
Hand and wrist orthopedic surgery 4 (5%)
Ulnar nerve block failure 13 (16%)
Median nerve block failure 9 (11%)
Radial nerve block failure 9 (11%)
Musculocutaneous nerve block failure 15 (19%)
Block to surgery time (min) 30 (22, 40)
Duration of surgery (h) 2(2,3)
Use of tourniquet 55 (69%)
Need for supplemental analgesia 36 (45%)
Need for conversion to general anesthesia 14 (18%)

Note: Data presented as median (quartiles) and frequency (%).
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Figure 2 Details of nerve block failure.
Abbreviation: n, nerve.

temperature changes at the ipsi- and contralateral limbs to the block are presented in Supplementary Tables 1 and 2. The

AUC (95% CI) for the ability of temperature change at 5 min to predict failed ulnar, median, and radial nerve block was
0.79 (0.68-0.87), 0.77 (0.67-0.86), and 0.79 (0.69-0.88), respectively. AUC (95% CI) increased progressively with
subsequent readings and reached maximum values at 15 min (ulnar nerve 0.98 [0.92—1.00], median nerve 0.97 [0.90—
0.99], radial nerve 0.96 [0.89-0.99]; Table 2).

Isolated musculocutaneous nerve sparing occurred in six patients. Temperature change at the tip of the little finger, tip
of the dorsal index, and base of the dorsal index fingers were compared among patients with failed and successful
musculocutaneous block (65 cases after removal of overlapping failure with other segments). The temperature change at
the three sites did not differ between failed and successful musculocutaneous nerve block, except for that at the tip of the
little finger at 5 and 10 min after the block. The temperature increased at the tip of the little finger in cases of failed
musculocutaneous nerve block compared to successful block (Supplementary Table 3). The AUC analysis for these two

measurements to predict musculocutaneous nerve sparing is presented in Supplementary Table 4.

Discussion

We evaluated the ability of thermal imaging to predict the failure of supraclavicular brachial plexus block at different
nerve segments and found that it can accurately rule out patients with failed block. At 10 min after the block, thermal
imaging showed excellent sensitivity and negative predictive value to rule out block failure (98%—-100%). At 15 min,
specificity approached >90%, denoting increased positive predictive value and perfect negative predictive value. Despite
the high specificity in all segments after 15 min, positive predictive value increased in the ulnar segments rather than
other segments, most probably due to the larger number of patients with ulnar sparing; therefore, thermal imaging can be
used to confirm block success rather than failure. Therefore, any increase in skin temperature would confirm block
success at the corresponding segment, while failure of skin temperature to increase would not reject block success with
the same accuracy. Peripheral block success is usually associated with vasodilatation in the corresponding dermatomes,
as the sympathetic nerve supply is segmentally distributed in the upper limb.'""'* This explains the increased temperature
in the segments at which the block was successful.

No studies to the best of our knowledge have evaluated the ability of skin temperature using infrared thermography to
predict supraclavicular brachial plexus block success. Few studies have evaluated other approaches to upper-extremity
block, and their results were inconsistent in terms of the general accuracy of skin temperature or the magnitude of
temperature change after successful block. The difference in the available literature highlights the complex input of the
sympathetic nervous system in the upper limb and the different thermal responses to brachial plexus block when
performed at different levels.
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Figure 3 Temperature at the corresponding dermatomal supply of each nerve in successful and failed block at the ipsilateral side of the block and at the contralateral side to
the block. Markers are means and error bars are their standard deviations. *Significant in relation to baseline for successful ipsilateral side block; Tsignificant in relation to
baseline for failed ipsilateral side block; isigniﬁcant in relation to baseline in the contralateral side.
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Figure 4 Temperature change in each patient at the corresponding dermatomal supply of each nerve in successful and failed block.

Two previous studies evaluated skin temperature after infraclavicular brachial plexus block using different types of
thermometers, and both showed that increased skin temperature can be an indicator of block success. However, there are several
differences in the design and results between our study and those. The first study was conducted by Minville et al evaluating 30
patients (with five failed blocks) using a simple infrared thermometer, and demonstrated that increased skin temperature can be an
indicator of block success.® Our study differed in the type of block (supraclavicular approach), measurement device (thermal
camera), number of patients (80), segmental evaluation, and determination of cutoffs using AUC analysis. The second study was
conducted by Asghar et al, who used infrared thermography to detect successful lateral infraclavicular block in 40 patients and
found that increased temperature can detect successful block;” however, they found larger changes in temperature than our
values. This difference might be due to the use of cooled packs (5°C) before the block, which might have augmented the block
effect on skin temperature in their study. Another important difference between our study and Asghar et al is the larger sample,
the evaluation of different segments, and constructing receiver-operating characteristic curves for each segment.

Lange et al evaluated the thermal response to individual nerve blockade in the upper extremity and found that
successful block of ulnar and median nerves is associated with increased skin temperature in their dermatomes. However,

Table 2 AUC analysis of ability of temperature change at each site to predict segmental block failure of the corresponding nerve

AUC (95% CI) Sensitivity, % (95% Cl) | Specificity, % (95% CI) | PPV, % (95% CI) | NPV, % (95% CI) Cutoff

Tip of little finger temperature change to detect ulnar nerve block failure (n=13)
5 min 0.79 (0.68-0.87) 92 (64-100) 58 (46-70) 30 (17-47) 98 (87-100) <0°C
10 min 0.91 (0.82-0.96)* 85 (55-98) 91 (82-97) 65 (38-86) 97 (89-100) <-0.1°C
15 min 0.98 (0.92-1.00)*° 100 (75-100) 94 (85-98) 77 (50-93) 100 (94-100) <0.1°C
20 min 0.99 (0.94-1.00)** 100 (75-100) 97 (90-100) 87 (60-98) 100 (95-100) <0.2°C
Tip of index finger temperature change to detect median nerve block failure (n=9)
5 min 0.77 (0.67-0.86) 67 (30-93) 72 (60-82) 23 (9-44) 94 (85-99) <-0.1°C
10 min 0.88 (0.79-0.95) 100 (66—100) 62 (50-73) 25 (12-42) 100 (92-100) <0.3°C
15 min 0.97 (0.90-0.99)* 100 (66—100) 90 (81-96) 56 (30-80) 100 (94-100) <0°C
20 min 0.97 (0.90-0.99)* 100 (66—100) 92 (83-97) 60 (32-84) 100 (95-100) <0.2°C
Baseof dorsal index finger temperature change to detect radial nerve block failure (n=9)
5 min 0.79 (0.69-0.88) 89 (52-100) 71 (60-82) 29 (1349) 98 (90-100) <-0.1°C
10 min 0.86 (0.77-0.93) 89 (52-100) 70 (58-81) 28 (13-47) 98 (90-100) <0°C
15 min 0.96 (0.89-0.99)*° 100 (66—100) 90 (81-96) 56 (30-80) 100 (94-100) <-0.1°C
20 min 0.95 (0.87-0.98)*° 100 (66—100) 86 (76-93) 47 (24-71) 100 (94-100) <0.1°C

Notes: Significant in relation to 5 min AUC; Psignificant in relation to 10 min AUC.

Abbreviations: AUC, area under receiver-operating characteristic curve; NPV, negative predictive value; PPV, positive predictive value.
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they did not find a similar increase in temperature in the radial or musculocutaneous segments.'' Many differences
between our study and Lange et al’s might explain the difference between the results. Our study used the usual
supraclavicular approach for brachial plexus block and followed the effect of the block on each segment, while Lange
et al performed a single nerve block in each patient. Therefore, we believe that our study is closer to daily practice.
Furthermore, the larger sample in our study compared to Lange et al (80 vs 42 patients) enabled the performance of AUC
analysis and defining the positive and negative predictive values for thermal imaging in predicting block success.

In this study, the incidence of conversion to general anesthesia was 18%, which is within the range (0-37%) of that
previously reported in supraclavicular brachial plexus block."*"'> Ulnar nerve block failure occurred in 16% despite using
the double-injection technique including corner-pocket injection; however, this incidence is within the previously
reported range for ulnar nerve sparing in supraclavicular brachial plexus block.'> Furthermore, previous data have
shown that ulnar nerve sparing can occur despite corner-pocket injection.'¢™'®

The volume and components of the local anesthetic mixture used in this study are the usual practice in our institution
and were reported in previous studies of brachial plexus blocks.'*!> The practice of using different local anesthetic
mixtures is controversial and data regarding its efficacy are conflicting;'**® however, it is still a common practice used by
many anesthetists. The use of fixed volume instead of weight-based volume is also common in brachial plexus
blocks,'*!* and it has been reported that the effective volume of local anesthetic does not increase with increased
body mass index.”' We avoided using a larger volume of local aesthetic to reduce the risk of complications.**

According to our findings and previous reports, we suggest that thermal imaging provides an easy, objective, noninvasive tool
for evaluation of upper-limb block success. The cutoff for predicting block success is individual for each approach. Thermal
imaging has many other advantages, such as avoidance of close contact with the patients, which is desirable in the peripandemic
era. It is also considered economical, because the camera can be reused for many patients without expensive consumables.
Thermal imaging can improve patient satisfaction compared to traditional subjective evaluation of block success, since it
minimizes the need for pinpricking. It can also be used in sedated and anesthetized patients. Furthermore, our data suggest that the
value of thermal imaging is apparent 15 min after block performance, which could be compromised by the fact that the clinical
assessment would be able to detect block success by then; however, complete sensory block is not commonly reached by this
time, and it is the usual practice to wait for 30 min to judge block success.

There is increased interest in peripheral nerve blocks due to their their excellent analgesic profile, which minimizes
the need for systemic analgesic drugs. Upper-limb blocks can also be used solely for anesthesia. However, block failure
results in undesirable stress for patients and physicians. A recent report showed that regional anesthesia for upper-limb
procedures was associated with less patient satisfaction than general anesthesia, with insufficient block being the most
common cause of low patient satisfaction.' Therefore, it is desirable to predict block failure early to enable timely
initiation of rescue techniques (eg, block supplementation or switching to general anesthesia).

Our study has many advantages in terms of having the largest sample, the first to perform AUC analysis for each
segment, and the reasonable number of positive and negative cases. Room temperature and patient factors could have
affected the results of thermal imaging; however, several measures were taken to avoid these issues, such as the room
temperature being standardized, the patient being allowed to acclimatize to the surrounding temperature before initiating
the thermal scan, the thermal camera being calibrated for each patient, and temperature change from baseline being used
to avoid the effect of baseline temperature variability between patients.

There are some limitations, such as being performed in a single center. The skin temperature at the musculocutaneous
nerve territory was not assessed, since the incidence of isolated musculocutaneous nerve sparing is low in supraclavicular
block, unlike ulnar nerve sparing (which was our primary outcome).'® Lange et al'' performed isolated blocking of the
musculocutaneous nerve on seven patients and reported that successful blockade was not associated with increased
temperature in its territory. Therefore, to reduce examination time, specific temperature measurement for the musculocu-
taneous nerve was omitted and temperature change at the other sites was used to evaluate the blockade of this nerve. We
found that the temperature increased at the skin point corresponding to the ulnar nerve in cases of isolated musculocuta-
neous nerve sparing. This might be related to preferential injection of a larger volume of local anesthetic in these cases at the
pocket between the subclavian artery and the first rib (ulnar nerve origin) for fear of ulnar nerve sparing. This preferential
injection might result in denser block of the ulnar nerve at the expense of the musculocutaneous nerve. Further studies are
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needed to confirm this observation. Patient and surgeon satisfaction at the end of the procedure was not recorded; however,
proper anesthetic management was provided in cases of incomplete/failed block to ensure patient comfort.

In conclusion, evaluation of the temperature of different skin segments using a thermal camera is an accurate tool for
excluding failed supraclavicular brachial plexus block. Increased skin temperature at each segment in the hand can
exclude block failure in the corresponding nerve with an accuracy of 100%.
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