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Objective: Hemidiaphragmatic paralysis (HDP) is a recognized complication of supraclavicular brachial plexus block (SCBPB). This
study aimed to compare the incidence and temporal progression of HDP following ultrasound-guided SCBPB with 20 mL versus
30 mL of 0.375% ropivacaine.

Methods: Eighty-two patients undergoing removal of internal fixation devices in the upper extremities were randomly allocated to
receive 20 mL (Group A) or 30 mL (Group B) of 0.375% ropivacaine for ultrasound-guided SCBPB. The diaphragmatic compound
muscle action potential amplitude (Dia CMAP Amp) was measured before (T0) and 5 min (T1), 10 min (T2), 20 min (T3), and 30 min
(T4) after SCBPB. The primary outcome was the incidence of HDP, defined as a >50% decrease in the Dia CMAP Amp from baseline.
The secondary outcome was the Dia CMAP Amp at different times.

Results: The risk of HDP was significantly greater in Group B than in Group A (RR=1.972, P=0.011). There was a significant time
effect on the incidence of HDP (Wald’s y2=15.547, P=0.001); HDP could occur within 5 minutes, and the incidence of HDP at T2, T3
and T4 was 1.222 (P=0.046), 1.889 (P<0.001) and 1.944 P<0.001) times greater than that at T1, respectively. The Dia CMAP Amp
following SCBPB was significantly different between the ropivacaine groups (Wald’s 2=5.517, p=0.019).

Conclusion: HDP can be detected as early as 5 minutes after SCBPB, with incidence plateauing by 20 minutes while CMAP
amplitude continues declining. Higher volume (30 mL) nearly doubles HDP risk (RR=1.972). Respiratory monitoring should begin
within 5 minutes of block placement.
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Introduction

Brachial plexus block is a regional anesthesia technique that involves the injection of local anesthetics around the
brachial plexus nerves to provide analgesia during and after upper limb surgery.' Brachial plexus blocks are becoming
increasingly widespread because of their high level of efficacy, safety, and efficiency in routine procedures.”> Phrenic
nerve block is a frequent collateral effect of the supraclavicular brachial plexus block (SCBPB), with its incidence
influenced by the needle insertion technique and the volume,concentration and type of local anesthetic administered.”*
Phrenic nerve block is caused by the spread of local anesthetics into the interscalene groove to the epidural space,

https://doi.org/10.2147/DDDT.S598288 Drug Design, Development and Therapy 2026:20 598288 |
Received: 23 January 2026 © 2026 Bao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallable at httpx / Iwww.dovepress.com/terms.php
Accepted: 5 June 2026 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati nc/4.0/). By accessing the work

Published: 15 July 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-4484-5043
http://orcid.org/0000-0002-3132-3369
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Bao et al

intervertebral foramen, around the phrenic nerve, and within the muscle.>® Approximately 95.7% of patients who
undergo SCBPB experience local anesthetic spread into the interscalene groove because of the chimney effect.’
Hemidiaphragmatic paralysis (HDP) is defined as a 50% or greater decrease in the diaphragmatic compound muscle
action potential amplitude (Dia CMAP Amp) relative to that at baseline. Some cases of post-SCBPB phrenic nerve
block have led to respiratory distress, the need for assisted mechanical ventilation and even prolonged HDP as
documented in case reports.® ' Notably, patients with severe pulmonary disease may be unable to tolerate inadvertent

: . . 11,12
unilateral diaphragmatic weakness,

and even subclinical effects such as sleep-disordered breathing have been
linked to unilateral paralysis.'® Therefore, monitoring to ascertain the risk of HDP after SCBPB is important. Several
strategies have been proposed to reduce HDP following SCBPB, including lowering the volume of local anesthetic and
employing alternative approaches such as the costoclavicular or retroclavicular block. However, our previous study
assessed HDP incidence at a single post-block time point (typically 30 minutes), leaving the time course and early
temporal progression of HDP following SCBPB poorly characterized. In most studies, HDP was determined by
measuring changes in diaphragmatic excursion or thickness via M-mode ultrasonography.'*'> However, these studies
revealed that determining HDP in this manner is difficult, particularly if the patient is obese or has undergone left-
sided surgery.'® In our clinical practice, we utilize the Dia CMAP Amp, which is not influenced by such factors, to
objectively assess HDP."”

In our previous study, we found that the volume of local anesthetics (20 mL vs. 30 mL) also had a significant effect on
the onset time of brachial plexus motor nerve fiber block (10 min vs. 5.8 min, respectively, P < 0.05).'” The phrenic
nerve is a motor nerve fiber, and the early temporal course of phrenic nerve block has not been investigated in detail. The
objective of this study was to compare the effects of different volumes of 0.375% ropivacaine (ie., 20 mL vs. 30 mL) on
the incidence of HDP paralysis and the Dia CMAP Amp at different times relative to the induction of SCBPB to explore
the temporal patterns of phrenic nerve block and recommend specific monitoring periods for patients undergoing brachial
plexus block. The primary outcome was the incidence of HDP, defined as a > 50% decrease in the Dia CMAP Amp from
baseline, at 5, 10, 20, and 30 min after SCBPB. These findings can optimize perioperative safety by enabling early
detection of phrenic nerve block and timely intervention.

Methods

Study Participants
This study was approved by Medical Ethics Committee (the 72nd Group Army Hospital of the People’s Liberation Army;
Ethics Review Number: Hospital (2024) No. 08; Chairperson: Feng Wu,) on 2 August 2024 and was prospectively
registered in the Chinese Clinical Registry (ChiCTR2400091951) on November 6th, 2024. The first patient was enrolled
on November 9th, 2024. Written informed consent was obtained from all patients prior to enrollment. This study was
conducted in accordance with the Declaration of Helsinki. Patients who were scheduled for internal fixation device
removal from one of the upper extremities below the shoulder between November 2024 and May 2025 were recruited.
The inclusion criteria were as follows: American Society of Anesthesiologists (ASA) physical status I or II; age between
18 and 65 years;body mass index (BMI) between 18 and 28 kg/m?;'® and consent to participate in the study. The
exclusion criteria were as follows: contraindications to regional anesthesia (including known allergies to local anes-
thetics; sensory or motor impairment; coagulation disorders and infection at the injection site); moderate to severe
decline in preoperative pulmonary function; or atypical diaphragmatic CMAPs. The drop-out criteria were as follows:
block failure; atypical diaphragmatic CMAPs; or a diaphragmatic CMAP amplitude greater than 2000 pV.

The patients were randomly allocated at a 1:1 ratio to Group A (20 mL of 0.375% ropivacaine for SCBPB) or Group
B (30 mL of 0.375% ropivacaine) by one of the investigators via a computer generated table of random numbers.
Randomization codes were sealed in opaque envelopes that were opened by the block operator (who was uninvolved in
data collection) immediately before the procedure. The patients, investigators, and outcome assessors were blinded to
group allocation. However, the allocation was communicated confidentially to the block operator prior to block

administration.
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Figure | Waveforms of the diaphragmatic CMAP from a representative patient prior to and 5 min, 10 min, 20 min, and 30 min after induction of SCBPB.
Abbreviations: CMAP, Compound muscle action potential; SCBPB, supraclavicular brachial plexus block.

Diaphragmatic CMAP Induced by Phrenic Nerve Stimulation

A sole technician conducted phrenic nerve conduction studies (PNCSs) via dedicated electromyography acquisition
software (NeMus2+, Shenzhen Yingchi Technology Co., Ltd, Shenzhen, China) in accordance with protocols described
in prior publications.'” ! The patient was placed in a supine position with the head slightly elevated and turned 30-
degrees to the side opposite to the phrenic nerve to be stimulated. A bipolar surface stimulation electrode was positioned
at the back edge of the right sternocleidomastoid muscle at the cricoid cartilage level. Two fine subcutaneous needles,
which can be tolerated by almost all patients, were used to record the diaphragmatic CMAPs. The first needle was
introduced into the diaphragm near the xiphoid process, 16 cm away from the second needle, situated at the correspond-
ing costal margin. A ground electrode was placed between the stimulation and recording electrodes. The right or left
phrenic nerve was stimulated at the end of exhalation, utilizing square-wave pulses lasting 0.2 milliseconds. The stimulus
intensity was incrementally increased until a consistent response was achieved and the maximum Dia CMAP Amp was
reached, defining the point of maximal stimulation. In addition, the phrenic nerve was subjected to supramaximal
stimulation, in which the intensity was increased to 10-20% above the level required for maximal stimulation. The
timing of the diaphragmatic CMAP, ie., the phrenic nerve conduction time (PNCT), was determined by measuring the
interval in milliseconds from the delivery of the stimulus to the initiation of the CMAP. The magnitude of the diaphragm
CMAP was quantified by recording the potential from its lowest point to its highest point on the waveform and is
expressed in microvolts (uV). The Dia CMAP Amp was measured before the block and then 5, 10, 20, and 30 minutes
after the block (Figure 1). The diaphragmatic CMAP amplitude and latency was measured in triplicate at each time point,
and the average value was taken. Paralysis of the diaphragm was defined as a >50% reduction in the Dia CMAP Amp.

Supraclavicular Brachial Plexus Block

All patients underwent preparation in the preoperative room prior to surgery. Before SCBPB was induced, an intravenous
line was secured. While the patients were breathing normal air, their heart activity (electrocardiography, ECG), oxygen
saturation level (SpO,), and blood pressure (measured noninvasively) were continuously monitored. The patients, the
anesthesiologists responsible for preparing them in the preoperative area, and the researchers involved in data collection

and analysis were all unaware of the group allocation.
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All patients received 0.02 mg/kg intravenous midazolam to prevent anxiety. Patients were positioned flat on their
backs with their heads turned toward the opposite side of the nerve block. The transducer (frequency 6 to 13 MHz) was
closely applied to the supraclavicular fossa, and an ultrasound image of the supraclavicular brachial plexus nerve was
obtained lateral to the subclavian artery and above the first rib. The transducer was kept perpendicular to the
supraclavicular brachial plexus nerve to achieve optimal image quality. First, the skin and subcutaneous tissues were
injected with a 2% lidocaine solution. Then, an in-plane approach was performed to administer 0.375% ropivacaine via
a 50-mm, 22-gauge insulated needle. The injection was performed in two phases: first, half of the anesthetic volume was
injected laterally in the medial direction, targeting the “corner pocket,” that is, the anatomical junction between the first
rib and the subclavian artery.”” Second, the remaining the anesthetic was injected into the most superficial part of the
lateral aspect of the brachial plexus, where the trunks and divisions form a cluster.”® The distribution of the anesthetic
was closely observed via ultrasound to confirm its effectiveness.

Block Characteristics

After completion of the block, the respiratory parameters noted above, as well as the diaphragmatic CMAP, were
evaluated again by the same investigators. Sensory and motor block efficacy was formally assessed 30 minutes post-
block. Sensory function was evaluated via ice application to the ulnar (fifth finger), median (second finger palmar
aspect), radial (dorsal first interosseous space), and musculocutaneous (lateral forearm) dermatomes using a 02 scale
(0=normal, 1=reduced, 2=absent sensation). Motor function was tested against resistance for ulnar (finger abduction),
median (second/third finger flexion), radial (wrist extension), and musculocutaneous (elbow flexion) nerves (O=normal
strength, 1=paresis, 2=paralysis). Successful sensory and motor block required a score of 2 in all territories.”> After
complete evaluation was achieved, the patients were transported to the operating room for surgery. If the patient
experienced pain, supplementary blocks were administered. If the patient could still not tolerate the procedure after the
administration of supplementary blocks, general anesthesia was initiated. Block success was defined as the absence of
any supplementary blocks, conversion to general anesthesia, or the administration of opioids to complete the operation.
A supplementary block was defined as any block that the surgeon applied at the elbow or wrist or locally administered
when part of the nerve area was not fully anesthetized. Block failure was defined as the need for additional opioids for
analgesia, supplemental block or conversion to general anesthesia to complete the procedure.”* The patients were
monitored to detect any adverse reactions after the block was complete and then followed for 24 hours after local
anesthesia induction.

Management of Respiratory Compromise

A predefined stepwise protocol was in place for phrenic nerve paralysis-related respiratory compromise: (1) supplemental
oxygen via face mask if SpO, decreased > 5% from baseline or dyspnea occurred; (2) high-flow nasal cannula therapy if
SpO, remained below 92%; and (3) assisted ventilation if symptoms were refractory.

Sample Size Calculation

The sample size was calculated on the basis of an incidence of HDP of 41% in the 20-mL 0.375% ropivacaine group and
of 68% in the 30-mL 0.375% ropivacaine group based on the results of our previous study.'” For this study, we assumed
the same level of power (ie., 0.8) and an alpha error of 0.05. The measurement time proportions were 0.167, 0.333, 0.667,
and 1.0. Through PASS, we determined that the required sample size was 69 patients. Considering a possible loss to
follow-up rate of 15%, 82 patients were ultimately included in this study.

Outcomes

The primary outcome was the incidence of HDP in the two groups, measured at 5 min, 10 min, 20 min and 30 min after
the block and expressed as the percentage change in the amplitude from baseline. To improve clinical interpretability, the
presence of a phrenic block was defined as a greater than 50% decrease in the Dia CMAP Amp from baseline. The
secondary outcome was the Dia CMAP Amp at different time points following SCBPB in each group.
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Statistical Analysis

Statistical analyses were performed via IBM SPSS Statistics, V.22 (IBM, Armonk, New York, USA). Data are presented
as the means + standard deviations (SDs) or medians with interquartile ranges (IQRs) according to the normality of the
variable distribution as determined with the Shapiro—Wilk test, and categorical variables are presented as counts and
percentages. Repeated measures data were analyzed via generalized estimating equations, and a Poisson log-linear model
was employed to compare the incidence of HDP among the groups. A linear model was used to examine differences in
Dia CMAP Amp. A P value <0.05 indicated statistical significance.

Results

A total of 82 patients were recruited for this study. Two patients each did not meet the inclusion criteria and opted to
receive general anesthesia rather than being included in the study. A total of 78 patients were randomly allocated to the
study groups, and the data from 70 patients were ultimately included in the analysis (8 patients excluded post-
randomization: 4 in each group) (Figure 2). One patient in each group was hypersensitive to the electrical stimulation,
as evidenced by the Dia CMAP Amp surpassing 2000 pV, indicating an abnormality. One patient in Group A and two
patients in Group B exhibited markedly abnormal amplitudes and latencies of the diaphragm CMAP, which could be
attributed to interference from brachial plexus stimulation. Furthermore, at 30 minutes after block administration, two
patients in Group A were observed to have failed to achieve successful sensory and motor blockade. Intraoperatively, one
of these patients received a supplemental block, while the other required conversion to general anesthesia. In Group B,
one patient failed to achieve successful sensory and motor blockade and received a supplemental block during surgery.
Thus, block failure occurred in two patients in Group A and one patient in Group B. There were no significant differences
in BMI, age, or sex between the two groups (Table 1). A comparison of the characteristics of the diaphragmatic CMAPs
at different times relative to SCBPB in the two groups is presented in Table 2.

Incidence of Diaphragmatic Paralysis

The incidence of HDP at different times after SCBPB in the two groups is presented in Figure 3. After adjusting for the
influence of time, the effect of group on the incidence of HDP was found to be statistically significant (Wald’s 2=5.179,
P=0.023). Specifically, the risk of HDP was 1.972 times greater with the use of 30 mL ropivacaine than with the use of

| Assessed for eligibility (n=82) I

Excluded
1. General anesthesia preferred (n=2)
2. Did not meet the inclusion criteria (n=2)

| Randomized (n=78) I

1 l

Allocation
Allocated to Group A (n=39) A Allocated to Group B (n=39)
1. Hypersensitivity to electrical stimulation(n=1) 1. Hypersensitivity to electrical stimulation(n=1)
2. Atypical action potential (n=1) 2. Atypical action potential (n=2)
3. Block failure (n=2) 3. Block failure (n=1)
1 Follow-up l
-
Lost to follow-up (n=0) Lost to follow-up (n=0)
Analysis
Group A (n=35) Group B (n=35)

Figure 2 Consolidated Standards of Reporting Trials (CONSORT) flow diagram.
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Table | Baseline Demographic and Clinical Characteristics of the
Study Participants

Group A Group B P Value
Age (years) 39.11+9.60 41.2311.47 0.09
BMI 21.95+2.54 23.43£3.11 0.10
Sex (F/M) 11724 12/23 0.80
ASA physical status (I/ll) | 10/25 13/22 0.45
Left/Right 16/19 10/25 0.14
Amplitude (pV) 877.43+279.47 | 828.08+251.28 | 0.92
Latency (ms) 6.4612.18 6.26%1.70 0.25

Notes: Values are presented as mean * SD.
Abbreviations: BMI, Body mass index; ASA, American Society of Anesthesiologists.

Table 2 Comparison of the Amplitude of the Diaphragm CMAP
Between the Two Groups Before and at Different Time Points After

SCBPB
Group A (uV) Group B (pV)

Amplitude (0) 877.43£279.47 828.08+251.28
Amplitude (1) 650.09+37.33 498.97+52.67
Amplitude (2) 628.49+42.37 477.38+52.68
Amplitude (3) 544.20+44.22 393.08+51.21
Amplitude (4) 485.23+46.72 334.12+48.69
Group effect x* = 5517 P=0.019

Time effect x* = 37.929 P<0.001
Group*time interaction effect x* = 6.982 P=0.072

Notes: Values are presented as mean * SD. Group effect: 5.517, P=0.019. Time effect:
37.929, P<0.001. Group*time interaction effect: P=0.072.

Abbreviations: CMAP: Compound muscle action potential. SCBPB: Supraclavicular bra-
chial plexus block.

20 mL ropivacaine for inducing SCBPB (RR=1.972, P=0.011). Moreover, the incidence of HDP at T4 was 12/35 (34.3%)
in Group A and 23/35 (65.7%) in Group B. After adjusting for the influence of group, the effect of time on the incidence
of HDP was statistically significant (Wald’s 32=15.547, P=0.001). Specifically, relative to the incidence at T1, the
incidence of HDP at T2, T3 and T4 was 1.222 (RR=1.222, P=0.046), 1.889 (RR=1.889, P<0.001) and 1.944 (RR=1.944,
P<0.001) times greater, respectively. There was no significant interaction effect between time and group (Wald’s
¥*=2.979, P=0.395). In pairwise comparisons, Bonferroni correction was applied at the significance level. There was
a significant difference in the incidence of HDP between T2 and T3 (95% CI, 0.05 to 0.28; adjusted P = 0.001).

Amplitude of the Diaphragmatic CMAP

The mean Dia CMAP amplitude decreased over the 30 min following SCBPB (Figure 4). PNCT was not a predefined
outcome and is presented descriptively in Figure 5. After adjusting for the effect of time, the effect of group (volume of
ropivacaine) on the Dia CMAP Amp after anesthesia was statistically significant (Wald’s y*=5.517, p=0.019). Moreover,
the Dia CMAP Amp in Groups A and B at T4 were 485.23+46.72 uV and 334.12+48.69 pV, respectively. After adjusting
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Figure 3 Incidence of phrenic block after SCBPB in the two groups. Phrenic block was defined as a more than 50% decrease in the amplitude of the diaphragmatic CMAP
from baseline. A greater incidence of phrenic block was observed among subjects receiving 30 mL of ropivacaine than among those receiving 20 mL of ropivacaine across all

times (P=0.02).

Abbreviations: SCBPB, supraclavicular brachial plexus block; CMAPs, compound muscle action potentials.
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Figure 4 Amplitudes of diaphragmatic CMAPs at baseline (T0), 5 minutes (T1), 10 minutes (T2), 20 minutes (T3), and 30 minutes (T4) after SCBPB in the two groups. The

diaphragmatic CMAP amplitude was significantly lower in the 30 mL group than in the 20 mL group (P = 0.019).

Abbreviations: CMAP, compound muscle action potential; SCBPB, supraclavicular brachial plexus block.
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Figure 5 Latencies of diaphragmatic CMAPs (phrenic nerve conduction time) at baseline (T0), 5 minutes (T1), 10 minutes (T2), 20 minutes (T3), and 30 minutes (T4) after

SCBPB in the two groups.

Abbreviations: CMAP, compound muscle action potential; SCBPB, supraclavicular brachial plexus block; PNCT, phrenic nerve conduction time.
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for the effect of group, the effect of time on the Dia CMAP Amp was statistically significant (Wald’s y°=37.929,
p<0.001). Compared with those at T1, the mean Dia CMAP Amps at T2, T3, and T4 were 21.593 (P=0.104; 95% CI,
—47.596 to 4.409), 105.890 (P<0.001, 95% CI, —150.852 to —60.928), and 164.852 (P<0.001, 95% CI, —223.642 to
—106.062) lower, respectively. Finally, the interaction between time and group was not statistically significant (Wald’s
¥*=6.982, p=0.072). In pairwise comparisons, Bonferroni correction was applied at the significance level. The mean Dia
CMAP Amp at T3 was 84.296 (adjusted P<0.001, 95% CI, —127.633 to —40.960) lower than that at T2 and 58.962
(adjusted P<0.001, 95% CI, 26.558 to 91.367) greater than that at T4; these differences were statistically significant.

Adverse Events

The complications of the procedure included local anesthetic toxicity, failure to achieve motor and sensory function
normalization, a decrease in SpO,, dyspnea, and hoarseness. Oxygen desaturation was defined as an objective decrease in
SpO, >5% from baseline while breathing room air. Dyspnea was defined as the patient’s subjective report of breath-
lessness or difficulty in breathing when asked to take a deep breath after SCBPB, documented as present or absent by the
investigator.”> Four patients in Group A and six patients in Group B developed transient dyspnea, whereas one patient in
Group B exhibited oxygen desaturation. For patients with decreased oxygen saturation, the oxygen saturation improved
significantly after we administered oxygen via a face mask. There was no statistically significant difference in the
incidence of dyspnea or oxygen desaturation between the two groups (P=0.5, P=0.3).

Discussion

In this study, we compared the effects of two volumes of ropivacaine on the incidence of HDP and the Dia CMAP Amps
at different times relative to the induction of SCBPB. Ropivacaine with a concentration of 0.375% is commonly used in
our clinical practice, as sensory blockade is optimized, and while motor blockade is minimized at this concentration.?®
Our previous research'” revealed that the mean onset time for sensory blockade following the induction of SCBPB with
different volumes of anesthetic is 5—6 minutes (P>0.05). However, the onset time of motor block in the 30 mL group (5.8
+3.8) was significantly shorter than that in the 20 mL group (10.0+3.0) (P<0.05). However, whether differences in the
onset time would be observed for phrenic nerve blockade with different volumes of anesthetic for SCBPB induction is
unknown. Therefore, in this study, we compared the effects of different volumes of ropivacaine on the incidence of HDP
and the Dia CMAP Amp at 5, 10, 20, and 30 min after the block was performed. In this way, we were able to test whether
the temporal progression of phrenic nerve block following SCBPB induced with different volumes of anesthetic is
consistent. The absence of an interaction effect in the statistical analysis suggests that this hypothesis was confirmed.
High-volume (30 mL) local anesthetics were more likely to cause phrenic nerve block and this phenomenon occurs
because the “chimney effect” leads to local anesthetic spread into the interscalene groove in approximately 95.7% of
patients during SCBPB.” MRI studies have confirmed that larger volumes of local anesthetic significantly increase
cephalad spread to the C4-C6 levels.® In our study, with concentration held constant (0.375% ropivacaine), reducing the
volume from 30 mL to 20 mL decreased HDP incidence from 65.7% to 34.3%, demonstrating a clear volume-dependent
effect on phrenic nerve involvement during SCBPB. This is broadly consistent with prior literature; Georgiadis et al''
reported a 70% HDP rate with 25 mL of 0.5% ropivacaine, confirming the high incidence of HDP associated with larger-
volume supraclavicular blocks.

We selected the diaphragmatic CMAP as an indicator of HDP because it is less affected by subjective factors and the
influence of intercostal and accessory respiratory muscles than the commonly used ultrasound measurements of
diaphragmatic excursion and thickness. In such assessments, the participants are instructed to breathe normally and
perform a “sniff test” as directed; however, visualization of left hemidiaphragm motion can be challenging, especially in
patients with a high BMI, owing to the small size of the splenic window when HDP is diagnosed by ultrasound.**2°
Many studies recruited only patients who underwent right-sided BPB, as M-mode ultrasound of the right hemidiaphragm
through the liver acoustic window is easier to perform than that of the left hemidiaphragm through the spleen acoustic
window. Thus, it is unclear if the results obtained on the right side apply to the left side. However, this concern was not
present in our study involving the diagnosis of HDP via the diaphragmatic CMAP, as we included patients with both right
and left brachial plexus blocks. Local anesthetics cause conduction block in an all-or-nothing fashion, primarily affecting
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CMAP amplitude rather than latency. PNCT was therefore not included as a predefined outcome, and Figure 5 is
provided for descriptive purposes only.

The present study addresses several limitations of our previous work'’ in important ways. That study demonstrated
that reducing the ropivacaine volume from 30 mL to 20 mL decreased HDP incidence, but relied on a single assessment
at 30 minutes and could not determine how early phrenic nerve block becomes detectable or how it progresses over time.
By employing serial diaphragmatic CMAP measurements at four time points (5, 10, 20, and 30 minutes), the current
study reveals three new findings: (a) HDP can be detected as early as 5 minutes after SCBPB; (b) HDP incidence
stabilizes by 20 minutes (RR at T3 vs. T4: 1.889 vs. 1.944, P > 0.05), whereas Dia CMAP amplitude continues to decline
significantly through 30 minutes (difference: 58.96 pV, adjusted P < 0.001), indicating a dissociation between incidence
and severity; and (c) these temporal data support a specific monitoring recommendation — surveillance should begin
immediately and continue for at least 20 minutes post-block. Additionally, the current study employed standardized
phrenic nerve conduction methodology with repeated measurements, providing more robust electrophysiological char-
acterization than the single-point assessment in the 2019 study. These temporal findings are consistent with Georgiadis
et al,'"" who reported no significant time effect between 15 and 30 minutes, suggesting HDP was largely established by
15 minutes; however, their two-timepoint design precluded identification of how early HDP can be detected, a gap
addressed by our serial measurements beginning at 5 minutes.

In our study, ten patients experienced transient dyspnea, and only one experienced a decrease in oxygen saturation.
Although only 14.3% of patients with HDP reported dyspnea, all symptomatic cases occurred in patients with
a confirmed Dia CMAP reduction > 50%. Notably, 71.4% of the patients with HDP remained asymptomatic, likely
due to compensatory respiratory mechanisms. This discordance underscores that subjective symptoms alone are insuffi-
cient to exclude HDP, particularly in healthy individuals. Objective assessment (eg., Dia CMAP or diaphragmatic
ultrasound) remains critical for early detection, especially in high-risk populations where silent HDP could precipitate
respiratory failure. The low incidence of clinically significant respiratory symptoms despite electrophysiologically
confirmed HDP is consistent with findings across different brachial plexus block approaches. Georgiadis et al'' reported
no dyspnea despite a 70% HDP incidence following supraclavicular block in patients without pulmonary disease.

Similarly, Jo et al'*

observed no serious respiratory complications (no dyspnea, desaturation, or pneumothorax) in
patients receiving costoclavicular block, even when partial or complete HDP was present. In a more recent study by
Robles et al, there was no notable decrease in oxygen saturation among patients exhibiting diaphragmatic dysfunction
following superior trunk block; however, 38.9% of these patients experienced dyspnea, and 83.3% experienced reduced
breath sounds during auscultation.”® The incidence of dyspnea was greater in Robles’s study than in our study, likely
because in our study, patients with obesity or moderate-to-severe pulmonary function decline were excluded. However,
the absence of oxygen desaturation in the patients may be attributed to the compensatory increase in the function of the
contralateral hemidiaphragm following paralysis of the ipsilateral hemidiaphragm, allowing maintenance of normal
oxygen saturation levels. In addition, not all patients show compensatory increases in the function of the contralateral
hemidiaphragm when the ipsilateral hemidiaphragm is paralyzed.?’ Patients with respiratory system diseases may
experience either no or an insufficient increase in the function of the contralateral diaphragm to maintain normal
oxygenation. Although HDP might be of little consequence in healthy subjects, it could be deleterious in patients with
preexisting diminished pulmonary function. Patients with pulmonary disease are at high risk for postoperative hypox-
emia, pneumonia, and respiratory failure.

These findings underscore the critical need for the vigilant monitoring of respiratory symptoms that begin within the
first 5 minutes after the block is performed, given that HDP can be detected as early as 5 minutes post-block. Immediate
detection of such changes allows for timely intervention, such as oxygen therapy, to alleviate hypoxemia. High-flow
nasal cannula (HFNC) oxygenation is particularly effective in maintaining adequate oxygenation levels in patients
experiencing respiratory distress.”® As discussed above, HDP incidence stabilized by 20 minutes while Dia CMAP
amplitude continued to decline, suggesting that local anesthetics deepen conduction block in already-affected fibers
without causing new-onset HDP. This reinforces the need for a monitoring window that begins within 5 minutes and
extends for at least 20 minutes post-block. The “saline flush” technique, which involves injecting 20 or 30 mL of normal
saline into the interscalene space, has been shown to improve respiratory mechanics, alleviate hypoxia and prevent the

Drug Design, Development and Therapy 2026:20 https: 9



Bao et al

need for intubation, even though pain scores remained unaffected.”” ! This technique could be particularly beneficial for
patients who do not respond to initial oxygen therapy, especially within the first 20 minutes after SCBPB. By integrating
these findings into clinical practice, we can enhance patient safety and reduce the risk of adverse events associated with
phrenic nerve block.

This study has several limitations that should be considered. First, this study enrolled relatively healthy patients
without any known comorbidities; patients with obesity or severe pulmonary diseases were not included. However, based
on the results of this study, we can recommend a specific period of close observation for patients undergoing SCBPB.
Simultaneously, we recommend replicating this study in these populations to obtain more generalized conclusions.
Second, although there was no significant change in the number of patients who developed HDP between 20 and
30 minutes postoperatively, the Dia CMAP Amp still decreased; that said, we did not observe changes in the Dia CMAP
Amp 30 minutes after SCBPB induction. For patients with HDP, we did not note the point at which diaphragmatic
function began to recover. Additional research should be conducted to answer these questions. Third, the block operator
was unblinded to accommodate volume-specific injection protocols. While this may introduce technical variability,
standardized ultrasound-guided protocols with real-time monitoring of anesthetic spread and blinded objective assess-
ments mitigated potential bias. Fourth, the primary endpoint — a >50% reduction in Dia CMAP Amp — is a surrogate
electrophysiological marker rather than a direct measure of respiratory dysfunction. Although chosen for its objectivity
and sensitivity in early detection, future studies should incorporate clinical endpoints such as forced vital capacity and
arterial blood gas analysis to better establish the clinical significance of HDP. Fifth, the exclusion of 8 patients after
randomization resulted in a per-protocol analysis, which may introduce potential bias. However, all exclusions were
based on pre-specified objective technical criteria, and the number of excluded patients was balanced between the two

groups (4 per group).

Conclusion

A higher volume (30 mL) of ropivacaine increases the incidence of HDP and is associated with a greater reduction in Dia
CMAP Amp following SCBPB in relatively healthy adults (ASA I-II) undergoing upper-extremity internal fixation
removal. HDP can be detected as early as 5 minutes post-block, with the incidence plateauing by 20 minutes, while the
Dia CMAP Amp continues to decrease within 30 minutes of SCBPB. Early detection and timely intervention are crucial
to enhance perioperative safety in patients undergoing SCBPB.
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