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Original Research

Intraneural blood flow is a biomarker that can potentially 
be used to document physiological and pathological 
changes occurring within the median nerve.1–3 Recently, 
Doppler has been used to examine the vascularization 
within the median nerve, and the biomarker of intraneural 
blood flow has been evaluated for use in the early diagno-
sis of median nerve pathologies such as carpal tunnel 
(CT) syndrome.1,4–9 Previous studies have found that CT 
syndrome patients have more intraneural blood flow than 
healthy people,4–6,10 identified the associations between 
CT syndrome severity and median nerve vasculariza-
tion,8 and demonstrated the diagnostic value of the bio-
marker of intraneural blood flow examined by Doppler.9,11

Because sonography is highly dependent on the opera-
tor, examinations are guided by detailed standardized 
imaging protocols to improve reliability across users of 
sonography. Such protocols often describe the evaluation 
of the entire targeted region with instructions on the 

sequenced examination of the structures and clearly 
describe pitfalls, things to be noted, and common pathol-
ogy that might be identified. The study has shown that the 
adoption of a standardized imaging protocol by first-year 
fellows improved the accuracy of the echocardiographic 

1193396 JDMXXX10.1177/87564793231193396Journal of Diagnostic Medical SonographyYao et al
research-article2023

1Chan Division of Occupational Science and Occupational Therapy, 
University of Southern California, Los Angeles, CA, USA
2Department of Rehabilitation Medicine, Peking University Third 
Hospital, Beijing, China
3Radiologic Sciences and Respiratory Therapy, School of Health and 
Rehabilitation Sciences, The Ohio State University, Columbus, OH, USA

Received April 2, 2023, and accepted for publication July 21, 2023.

Corresponding Author:
Shawn C. Roll, PhD, OTR/L, RMSKS, FAOTA, FAIUM, Chan Division 
of Occupational Science and Occupational Therapy, University  
of Southern California, 1540 Alcazar St, Suite 133,  
Los Angeles CA 90033, USA. 
Email: sroll@usc.edu

Assessing the Potential for Error in 
Investigating Intraneural Vascularity: 
A Need for a Standardized Imaging 
Protocol 

Buwen Yao, PhD, MBBS1,2 ,  
Kevin D. Evans, PhD, RT (R) (M) (BD), RDMS, RVS, FSDMS, FAIUM3, 
and Shawn C. Roll, PhD, OTR/L, RMSKS, FAOTA, FAIUM1

Abstract
Objective: This study examined the implementation of a Doppler sonography imaging protocol to assess intraneural 
blood flow, within the median nerve, in healthy individuals.
Materials and Methods: A total of 176 participants were examined, and this involved 717 retrospective observations 
of the images collected. The implemented imaging protocol was assessed, and the data that were collected were 
cleaned and checked for fidelity and validity.
Results: A large percentage of missing evidence (11%–35%) across proximal, mid, and distal carpal tunnel locations. 
Only a quarter of cases with evidence of intraneural blood flow had the strongest evidence of a power Doppler video 
clip, of which only three-quarters were valid. The study identified potential areas for improving the imaging protocol 
to reduce missing data and improve data quality.
Conclusion: This study demonstrates the significance of a standardized imaging protocol to guide the sonographic 
acquisition of Doppler images and provides important insights into potential issues with data quality. The 
recommendations have the potential to help future studies assess intraneural blood flow in healthy populations in a 
more rigorous and reliable way. Incorporating the study’s recommendations into a standardized protocol, there is 
potential to enhance the diagnostic accuracy of carpal tunnel syndrome and improve diagnosis and treatment.
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reports, with more quantitative measurements of ventric-
ular function incorporated.12 Because examining intra-
neural blood flow with Doppler is an emerging technique, 
no standardized protocol has been described in detail. 
Instead, examinations are being conducted at various 
locations (e.g., at proximal CT,6 at middle CT),13 in dif-
ferent planes (e.g., the cross-sectional plane6,14 and the 
longitudinal plane),15,16 and with varied equipment sys-
tem settings.

To explore the potential magnitude of measurement 
error due to a non-standardized imaging protocol, a retro-
spective analysis was conducted using data from a longi-
tudinal cohort study that deployed an image acquisition 
and analysis protocol designed for assessing intraneural 
blood flow within the median nerve. The purpose of this 
retrospective data analysis was to identify potential barri-
ers to conducting rigorous Doppler evaluation of the 
median nerve and guide the development of a standard-
ized image acquisition and analysis protocol for the 
assessment of intraneural blood flow.

Materials and Methods

A longitudinal study was conducted to examine the pre-
dictive validity of sonography as an early detection mea-
sure for median nerve pathology; although numerous data 
points were obtained as part of the longitudinal study, the 
data examined in this report are limited to participant 
demographics and Doppler findings. In this study, stu-
dents who were in occupational therapy (OT) or dental 
hygiene (DH) programs were recruited at the beginning 
of their 2-year academic program. Demographics, includ-
ing age, gender, ethnicity, and race, were collected by 
self-reported surveys at baseline. Sonography was used 

to evaluate the distal portion of the median nerve, which 
included an investigation of intraneural blood flow in the 
CT region. Images were collected at baseline and at 
approximately 5-month intervals for DH students for a 
total of 5 visits and at 10–12-month intervals for OT stu-
dents for a total of 3 visits. Data collection was completed 
from July 2016 to June 2019. The study was approved by 
the Ohio State University’s Social and Behavioral institu-
tional review board, and written informed consent was 
obtained from all participants.

Image Acquisition Protocol

Sonography images were collected using a Logiq-e por-
table sonography machine (GE Healthcare, Milwaukee, 
WI) with a 12-MHz linear array transducer. Participants 
sat facing the sonographer with their supinated fore-
arms comfortably resting on the table and the wrist and 
fingers in a relaxed position. Along with a full regional 
scan of the median nerve from the distal forearm to the 
distal CT using grayscale imaging as part of the pri-
mary study (See Figure 1), power Doppler and spectral 
Doppler were performed to examine the vascularization 
of the median nerve within the CT region (See Figures 
2 and 3). Doppler examinations were conducted in the 
long axis of the median nerve at three locations: proxi-
mal CT, mid-CT, and distal CT (See Figure 4). The 
proximal CT included the portion of the median nerve 
over the distal end of the radius and radio-carpal joint. 
The mid-CT included the area of the median nerve 
directly superficial to the lunate and capitate bones on 
the longitudinal image. The distal CT was identified as 
the segment of the median nerve in the region immedi-
ately distal of the capitate bone.

Figure 1.  The cross-sectional view of the median nerve at 
the pisiform and scaphoid levels. ※, median nerve;  
P, pisiform; S, scaphoid.

Figure 2.  An example of the power Doppler image of the 
median nerve at the level of the mid-carpal tunnel. Arrows, 
median nerve; R, head of the radius.
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The vascularity assessment began with a power 
Doppler screening by slowly moving the transducer 
through the three CT regions from proximal to distal 
with intermittent pauses to observe for blood flow sig-
nals within the median nerve. The Doppler region of 
interest was sized with a height as small as possible on 
the machine and approximately one-third the width of 
the image. A preset pulse repetition frequency at 0.6 kHz 
and gain at 7.5 dB served as the baseline for all examina-
tions. These power Doppler settings were adjusted 
throughout each examination to simultaneously mini-
mize flash artifacts and maximize sensitivity for the 
detection of pulsatile signals indicative of low-flow 
blood vessels. The sonographer was instructed to docu-
ment the presence or absence of blood flow using an 
image or cine clip. When a pulsatile signal was observed, 
spectral Doppler was used to generate waveforms of the 
identified blood vessels, showing the spectrum of blood 
flow velocity over time. The preset for spectral Doppler 
included pulse repetition frequency at 1.7 kHz, acoustic 
output at 100%, and gain at 19 dB. The spectral Doppler 
gate width was 2.0 mm. Angle correction was not per-
formed due to the orientation of the arteriole being 
unknown by only one pulsatile power Doppler signal.

Examination of Protocol Implementation

A valid data set was created by identifying missing partici-
pant visits and excluding data points that were not eligible 
for this analysis. Specifically, evidence of a bifid median 
nerve or a persistent median artery anywhere between the 
distal forearm to the CT made all data obtained from a par-
ticipant’s wrist ineligible for inclusion in the data set. The 
existence of a bifid median nerve or a persistent median 
artery was confirmed through a review of all grayscale and 

Doppler images, or cine clips included in the participant’s 
case file as part of the full regional evaluation. The exclusion 
was at the wrist level, which meant that, for example, if a 
participant had a bifid median nerve on the left hand but not 
the right hand, then only the images collected from the left 
hand were excluded, and the images collected from the right 
hand were retained in the data set. Using this imaging data 
set, a two-step image review process was used to examine 
the fidelity and validity of the imaging protocol implementa-
tion at individual time points within each of the three CT 
regions for every wrist.

Fidelity Check

Fidelity was examined by counting the number of evidenced 
cases compared with cases lacking complete documenta-
tion. If the imaging protocol was correctly followed, a com-
plete case for a wrist would include evidence that directly 
documented the presence or absence of the median nerve 
intraneural blood flow within each of the three anatomic 
regions: proximal CT, mid-CT, and distal CT. Three types of 
data were considered appropriate to document the presence 
or absence of the median nerve intraneural blood flow: (1) a 
power Doppler video clip, (2) a still-frame power Doppler 
image, or (3) a spectral Doppler waveform image. If there 
was either a video clip, a still-frame image, or a waveform 
image, the case for the anatomic region was counted as an 
evidenced case. If none of the three data types were included 
in the anatomic region, then, the case was marked as having 
missing documentation. Two assumptions could be applied 
to missing cases. First, the data were missing due to the 
sonographer not examining this region, or second, the 
sonographer did not find any evidence of blood flow and 
was documenting by exclusion.

Validity Check

This step of the analysis examined the quality of the data 
included in evidenced cases to determine how many 

Figure 3.  An example of the spectral Doppler inspection of 
intraneural blood flow of the median nerve at the level of the 
mid-carpal tunnel.

Figure 4.  The longitudinal plane of the median nerve. 
The locations for proximal CT, mid-CT, and distal CT 
are demonstrated in blue, green, and yellow dotted lines, 
respectively. CT, carpal tunnel.
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cases could be validly considered in a quantitative analy-
sis of blood flow. A power Doppler video clip was con-
sidered the strongest evidence of either the presence or 
absence of intraneural flow. The valid presence of the 
intraneural blood based on video evidence had three 
quality requirements:

1.	 The signal(s) were located within the median 
nerve or its hyperechoic border. If the blood flow 
signal was in the hyperechoic border, it was 
required that at least 50% of the signal pixels were 
at or within the hyperechoic border for that blood 
flow signal to be counted as an intraneural blood 
flow signal.

2.	 The signal was not a flash artifact.
3.	 The signal had at least three pulsatile cycles.

For still-frame images, the valid presence of the 
intraneural blood flow had to meet the first two require-
ments for the video clips. The absence of blood flow 
was considered valid when a video or image was pro-
vided with no color pixels within the median nerve, and 
no spectral tracings existed in the case file for the given 
region. Finally, three quality requirements were applied 
to establish the validity of spectral waveforms:

1.	 The gate location was positioned within the 
median nerve or its hyperechoic border. If the gate 
was in the hyperechoic border, it was required 
that at least 50% of the gate length was at or 
within the hyperechoic border for that waveform 
to be counted as intraneural blood flow.

2.	 The waveforms had more signal than noise.
3.	 The spectral tracing had at least three consistent 

waveforms that represented pulsatile blood flow.

Data Analysis and Synthesis

The demographic characteristics of the included partici-
pants were summarized by group (i.e., DH and OT) sepa-
rately and together. The continuous variable of age was 
presented as mean and standard deviation, and the cate-
gorical variables of gender, race, and ethnicity were pre-
sented as frequency and percentage. A comparison of the 
demographics between the two groups was done using a 
two-sample t-test and chi-squared tests as appropriate. A 
P value of .05 was identified as statistically significant. 
These data analyses were performed using STATA.

Flow charts were created for data from the left and 
right wrists to depict the results of the fidelity and validity 
check processes for each CT region (See Figures 5 and 6). 

Figure 5.  The flow chart of all observations on the right side. The red boxes indicate the frequencies of total possible cases; 
the orange boxes indicate the cases where evidence was missing; the blue boxes indicate the cases with evidence documenting 
the presence or absence of intraneural blood flow; the gray boxes denote the number of cases that had validated absence of 
intraneural blood flow; the yellow boxes show the cases with the possible presence of intraneural blood flow; the purple boxes 
indicate the frequency of cases that had either a video, a picture, or a waveform; and the green boxes demonstrate the number 
of validated videos. CT, carpal tunnel.
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First, the frequencies of total possible cases for each CT 
region were denoted in the flow chart as red boxes. Of 
these total possible cases, it was identified as either “evi-
dence missing” as denoted as the orange hexagons in the 
flow chart or “evidenced cases” as the blue boxes in the 
flow chart. Data fidelity was represented as the incidence 
of missing data, which was calculated by dividing the 
number of missing cases (orange hexagons) by the num-
ber of total possible cases (red boxes).

Then, among the evidenced cases (blue boxes), the 
frequencies of the validated absence of intraneural blood 
flow were presented in gray boxes, and the cases with the 
possible presence of intraneural blood flow were included 
in the yellow boxes. Among the evidenced cases that doc-
umented the presence of intraneural blood flow (gray 
boxes), the frequency of cases that had documented video 
clips, still-frame pictures, or spectral waveforms were 
counted and reported in the purple boxes. Of these docu-
mented video clips, pictures, and waveforms, the fre-
quency of cases that had a validated presence of 
intraneural blood was counted. A validated video clip was 
considered the strongest evidence for the presence of 
blood flow and was denoted in the green boxes.

Using the fidelity and validity classifications, we 
examined how the inclusion or exclusion of missing or 

invalid cases within the same data set could affect the 
analysis and reporting of intraneural blood flow preva-
lence. Prevalence within the subject populations (i.e., DH 
and OT) at individual time points were calculated in two 
ways for the CT regions in each wrist. First, we calcu-
lated confirmed prevalence by using only validated cases 
that included either the documented absence of blood 
flow (gray boxes) or the presence of intraneural blood 
flow validated by high-quality video clips (green boxes). 
The confirmed prevalence was calculated by dividing the 
number of cases with validated presence by the total 
number of cases with either validated presence or absence 
of blood flow. Second, we examined assumed prevalence 
that used the full data set of all cases but relied on two 
assumptions that are often applied in research or clinical 
reports: (1) the missing cases (orange hexagons) were 
due to the sonographer observing no blood flow and doc-
umenting the lack of flow by exclusion, and (2) any evi-
dence of possible presence (yellow boxes) assumed the 
sonographer observed intraneural blood flow regardless 
of the quality of the evidence. Using these data, the 
assumed prevalence of intraneural blood flow was calcu-
lated by dividing the assumed presence of blood flow 
(yellow boxes) by all available cases that included both 
evidenced and missing cases (red boxes).

Figure 6.  The flow chart of all observations on the left side. The red boxes indicate the frequencies of total possible cases; 
the orange boxes indicate the cases where evidence was missing; the blue boxes indicate the cases with evidence documenting 
the presence or absence of intraneural blood flow; the gray boxes denote the number of cases that had validated absence of 
intraneural blood flow; the yellow boxes show the cases with the possible presence of intraneural blood flow; the purple boxes 
indicate the frequency of cases that had either a video, a picture, or a waveform; and the green boxes demonstrate the number 
of validated videos. CT, carpal tunnel.
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Results

A total of 176 participants were enrolled in the study, 
including 121 DH students and 55 OT students. The 
demographic characteristics by group and overall are 
summarized in Table 1. The 2 groups of participants had 
similar demographic characteristics with an overall mean 
age of 24.6 years and mostly female (85%). No statisti-
cally significant differences were identified in the two 
groups of participants.

Given the number of participants in each group, a total 
of 770 observations were expected; however, there were 
53 missing participant visits, resulting in a total of 717 
observations for analysis (See Table 2). The flow of these 
717 observations through the process of data cleaning, 
fidelity checks, and validity checks (See Figures 5 and 6). 
Through the data cleaning process, 11%–12% of observa-
tions were excluded due to the presence of a bifid median 
nerve or a persistent median artery on either the right or 
left side. Thus, after data cleaning and excluding cases 
that were not eligible, a total of 629 evidenced cases from 
the right and 638 evidenced cases from the left were 
expected at each anatomic location.

The results of the fidelity check demonstrated that 
about 11%–17% of cases had missing evidence at the 
proximal CT and mid-CT, while the missing cases in the 
distal CT were more than double of the other regions at 
almost 35%. For those cases where data were present (i.e., 
blue boxes), it appeared that the sonographer provided 

data evidence meant to document the prevalence of blood 
flow in approximately half to three-quarters (58%–77%) 
of the cases across the various regions. These cases, as 
denoted by the yellow boxes in the flow chart, represented 
an estimate of the possible presence of intraneural blood 
flow. Among these evidenced cases that documented the 
presence of intraneural blood flow, about one-quarter 
(ranging from 16%–30%) had video clips, approximately 
two-thirds (ranging from 66%–70%) had still-frame pic-
tures, and spectral waveforms existed in about two-thirds 
of the case files (ranging from 64%–69%).

The remaining 23%–42% of the evidenced cases 
clearly documented the absence of any blood flow; these 
cases, as denoted by the gray boxes in the flow chart, 
were considered validated cases for the absence of intra-
neural blood flow. As the strongest evidence for the pres-
ence of blood flow, only about three-fourths (72%–81%) 
of cases with video clips met the quality criteria; these 
cases, as denoted by the green boxes in the flow chart, 
were considered validated cases for the presence of intra-
neural blood flow. The distribution of 133 video clips by 
the reason for exclusion is shown in Table 3. The most 
common reason that a video clip was excluded was the 
lack of three or more consistent pulsatile cycles, even 
though the signal was located within the median nerve, 
and it was clearly a signal rather than a flash artifact.

Similar to the findings of the video quality check, 
about three-quarters (63%–81%) of the spectral wave-
forms were identified as valid at the proximal and 

Table 2.  Numbers of Observations at Different Times Across the Longitudinal Study by Participant Group.

Baseline 5–6 months 10–12 months 15–16 months 20–22 months Total Observations

DH 121 117 114 109 96a 557
OT 55 NA 52 NA 53 160
Total 176 117 166 109 149 717

Abbreviations: COVID-19, coronavirus disease; DH, dental hygiene; NA, not applicable; OT, occupational therapy.
aSeventeen of the observations in the DH group were missed due to the impact of COVID-19.

Table 1.  Demographics of the Participants (n = 176).

DH (n = 121) OT (n = 55) All (n = 176) P Value

Age 24.5 (3.6) 24.8 (2.6) 24.6 (3.3) .46
Gender, female 101 (83.5) 49 (89.1) 150 (85.2) .33
Race .09
  American Indian/Alaska Native 2 (1.7) 0 (0) 2 (1.1)
  Asian 38 (31.4) 29 (52.7) 67 (38.1)
  Black 1 (0.8) 0 (0) 1 (0.6)
  Native Hawaiian/Pacific Islander 2 (1.7) 2 (3.6) 4 (2.3)
  White 57 (47.1) 19 (34.6) 76 (43.2)
  Other 21 (17.4) 5 (9.1) 26 (14.8)
Ethnicity, Hispanic 34 (28.1) 8 (14.6) 42 (23.9) .05

Abbreviations: DH, dental hygiene; OT, occupational therapy.
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mid-CT, with only about half (46%–55%) identified as 
valid at distal CT. Across all regions, a total of 1477 cases 
had spectral waveform data, of which 465 (31%) cases 
did not have at least 1 valid waveform. Since for each 
case, there was sometimes more than one waveform 
within an anatomic region, a larger number of waveforms 
were evaluated than eligible cases. The distribution of 
invalid waveforms by exclusion reason across the ana-
tomic regions is shown in Table 4. About a quarter 
(26.2%) of the waveforms were excluded due to the lack 
of consistent blood flow signals across at least 3 cycles. A 
more common cause for excluding a blood flow wave-
form was that the blood flow signal was too weak to dif-
ferentiate the blood signal from the background noise, 
which accounted for almost two-thirds of the invalid 
waveforms (61.3%).

A descriptive comparison of the assumed prevalence 
of intraneural blood flow based on cases with any evi-
dence of such within the full data set compared with the 
confirmed prevalence among only the validated case, 
within the partial data set is depicted in Figure 7. When 
comparing the right and left sides within the assumed and 
confirmed data sets (i.e., A vs. B, and C vs. D), there were 
only a few small differences in prevalence between the 
sides, which primarily occurred in the prevalence metrics 
in the distal CT of the DH group. When comparing 
between assumed and confirmed prevalence within a side 
(i.e., A vs. C and B vs. D), numerous differences were 
noted. Of note, the prevalence values among assumed 
cases tended to fall within a narrow range (i.e., primarily 
between 20% and 40%), whereas prevalence across all 
groups, times, and locations was more widespread among 
validated cases (i.e., falling between 5% and 75%). These 

differences were even noted within specific sub-sets of 
data, with the largest occurring across the baseline mea-
sures in the OT group where prevalence among validated 
cases ranged from 60%–78% compared with only 22%–
25% in the assumed data.

The trends of intraneural blood flow prevalence across 
time were compared between the full data set and the par-
tial, validated data set to determine if there would be a 
difference in mixed-effect model outcomes for change of 
intraneural blood flow over time. As can be seen in Figure 
7, the trends of intraneural blood flow were different, 
which would result in different findings depending on 
which data were used in a comparative or predictive anal-
ysis. Within the assumed data (i.e., A and B), the percent-
age of participants who demonstrated the presence of 
intraneural blood flow increased over time for OT stu-
dents while remaining similar with a potential slight 
decrease at the final time point for DH students. 
Alternatively, the trends over time were different within 
the validated data (i.e., C and D). Within the OT students, 
the percentage of participants with the validated presence 
of intraneural blood flow decreased over time, whereas, 
for DH students, the percentage of individuals with intra-
neural blood flow generally decreased until the third visit 
and then increased to the last visit.

Discussion

This study examined the implementation of a Doppler 
imaging protocol assessing the intraneural blood flow of 
the median nerve from proximal CT to distal CT. In a 
longitudinal study with 717 observations, a large percent-
age of cases had missing evidence, ranging from 

Table 3.  The Excluded Reasons for Invalid Video Clips.

Right Left

Total 
Proximal 
(n = 34)

Mid 
(n = 29)

Distal 
(n = 10)

Proximal 
(n = 22)

Mid 
(n = 28)

Distal 
(n = 10)

No signal within nerve 12 (35.3) 5 (17.2) 1 (10.0) 9 (40.9) 5 (17.9) 3 (30.0) 35 (26.4)
Flash artifacts 0 (0) 1 (3.5) 0 (0) 0 (0) 1 (3.6) 0 (0) 2 (1.5)
Less than three pulsatile cycles 22 (64.7) 23 (79.3) 9 (90.0) 13 (59.1) 22 (78.6) 7 (70.0) 96 (72.2)

Table 4.  The Excluded Reasons for Invalid Waveforms.

Right Left

Total 
Proximal 
(n = 66)

Mid 
(n = 101)

Distal 
(n = 80)

Proximal 
(n = 60)

Mid 
(n = 127)

Distal 
(n = 93)

Gate not within the nerve 27 (40.9%) 7 (6.9%) 4 (5.0%) 16 (26.7%) 4 (3.1%) 8 (8.6%) 66 (12.5%)
More noise than signal 21 (31.8%) 59 (58.4%) 62 (77.5%) 24 (40.0%) 85 (66.9%) 72 (77.4%) 323 (61.3%)
Less than three pulsatile cycles 18 (27.3%) 35 (34.7%) 14 (17.5%) 20 (33.3%) 38 (29.9%) 13 (14.0%) 138 (26.2%)
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11%–35% across proximal CT, mid-CT, and distal CT. 
The missing evidence case percentage at the distal CT 
almost doubled the number at the proximal and mid-CT. 
Of the evidenced cases with the presence of intraneural 
blood flow, only a quarter of them had the strongest evi-
dence of a power Doppler video clip, of which only three-
quarters were valid. There were apparent differences in 
the trends of the confirmed prevalence and the assumed 
prevalence of intraneural blood flow between the two 
methods, with one method using a partial data set with 
only validated cases and another method using a full data 
set with all cases.

Several issues were identified regarding the fidelity 
and validity of the data when auditing and analyzing the 
sonographic images of this study. Of all the cases across 
the longitudinal study, about 11%–17% of cases had 
missing evidence at the proximal CT and mid-CT, while 
almost 35% of the cases had missing evidence at distal 
CT. A higher number of missing data were observed at the 

distal CT, nearly twice the amount found at the proximal 
CT and mid-CT. The absence of a specified procedure for 
when median nerve intraneural blood flow was not 
detected in the protocol may have contributed to the large 
percentage of missing observations. It is recommended 
that sonographers be instructed to save a power Doppler 
image displaying the lack of intraneural blood flow when 
median nerve intraneural blood flow is not detected. 
Additionally, sonographers should be encouraged to con-
duct evaluations sequentially to include distal CT in their 
sonographic imaging.

In addition to incomplete data, another primary con-
cern was the small number of cases that had valid data 
to confirm that the flow was present. Specifically, only 
one-quarter of the cases included a video, of which only 
three-quarters were valid. Additionally, only half of the 
spectral Doppler waveforms met the quality criteria to 
be useful in image analysis. Many of the video clips and 
the waveforms were excluded because they did not 

Figure 7.  Estimated prevalence of intraneural blood flow in different regions of the CT across time from baseline (0M) to 
22 months (22M) within the two participant groups by wrist based on assumed prevalence using all cases (A and B) and confirmed 
prevalence using only validated cases (C and D). CT, carpal tunnel; DH, dental hygiene; OT, occupational therapy.
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show at least three consistent cycles. Valid videos and 
waveforms are important because when retrospectively 
analyzing the images, a qualified video or waveform 
with clear signals and more than three consistent cycles 
is helpful for identifying the pixels in the power Doppler 
images and the peak systolic velocity in the waveform. 
Using invalid videos or waveforms undermines the 
accuracy of the image analysis. This indicates the 
importance of a clear protocol to guide sonographers to 
obtain high-quality images.

Despite the limited valid data set, the results of this 
study provide some useful insights into differences in the 
vascularization of the median nerve at different locations. 
In our validated sample, the proximal CT and mid-CT had 
an average prevalence of intraneural blood flow of 40% 
and 38%, while the mean prevalence for the distal CT was 
18% across all 5 time points. Previous studies have mainly 
examined the mid-CT and the proximal CT; rarely was the 
distal CT examined in the literature.6 For example, Dejaco 
et al. found that 7 wrists (18%) out of 40 had intraneural 
blood flow at the proximal CT (CT inlet at the proximal 
margin of the flexor retinaculum) and the mid-CT (at the 
level of scaphoid and pisiform bone).6 There are also stud-
ies that reported the results of intraneural blood flow with-
out a clear description of the targeted imaging location 
(e.g., only described as the wrist area).17

Although there has not been a recommended location 
for the examination of intraneural blood flow in the litera-
ture, the findings in this study illuminate a potential need 
for a comprehensive examination of the median nerve 
including the proximal CT, mid-CT, and distal CT, as the 
estimation for mid-CT is not necessarily representative of 
all three locations. Furthermore, there might be a value of 
combining all three locations, which might be more 
indicative of the median nerve physiological or patho-
logical status. Future studies could examine the correla-
tions of median nerve intraneural blood flow at different 
locations and their associations with median nerve physi-
ology or pathology.

This work demonstrated the discrepancy in the trends 
of the confirmed prevalence of intraneural blood flow 
using the partial data set with only validated cases and the 
assumed prevalence of intraneural blood flow using the 
full data set with all cases. This discrepancy in the two 
methods demonstrates the importance of amending the 
current protocol to guide the operators to complete the 
examination for the entire region to reduce missing cases. 
More importantly, the protocol should be clearer on the 
validity criteria for the recorded videos or waveforms, so 
that the operators could document images and videos that 
meet the strict quality standards. Future studies aiming to 
determine the longitudinal trend of intraneural blood flow 
should follow a high-quality, standardized imaging proto-
col to avoid similar issues.

Based on the implication of this study, the imaging 
protocol used in this study was modified. The modified 
imaging protocol aims to provide detailed instructions 
for sonography operators to obtain intraneural blood 
flow information of the median nerve at the wrist area 
in a standardized and rigorous way. First, if a blood 
signal is identified in power Doppler, it is recom-
mended to save a video clip for at least three consecu-
tive pulsatile signals of the blood flow. Second, if a 
blood flow signal is identified in the mode of power 
Doppler, it is always recommended to also perform 
spectral Doppler at the same position. If no blood flow 
spectral waveform could be identified, still, an image 
with a flat waveform should be saved to demonstrate 
the fact that no blood flow could be identified at that 
position. Similarly, if the sonographer does not see any 
blood flow signals at either of the examination loca-
tion, then an image should be saved at that position to 
demonstrate the fact that no blood flow could be found 
at that position. It is important to record the findings of 
median nerve blood flow correctly and fully, including 
the presence and the absence of the blood flow, 
throughout the examination process. With these 
instructions to improve the protocol, hopefully, future 
studies that adopted such protocol could obtain a data 
set with less missing data points.

Limitations

As a retrospective study, this work is constrained by the 
unavailability of information on variability among the 
sonographers, making it impossible to assess the fidelity 
and validity of the data collection at this level. Despite 
the limitation, this study underscores the significance of 
developing a standardized protocol to guide the sono-
graphic acquisition of Doppler images to examine intra-
neural blood flow of the median nerve at the wrist area. 
As the first study to adopt this imaging protocol, it was 
important to have identified and discussed several limi-
tations and potential sources of error, such as a high per-
centage of missing data points and invalid images.

Conclusion

By incorporating the suggested amendments to the cur-
rent imaging protocol based on this audit of the collected 
images, a more effective imaging protocol can be devel-
oped to assist future studies in rigorously assessing intra-
neural blood flow in healthy populations.

The findings of this study have implications not only 
for researchers but also for sonographers involved in 
routine clinical health care and the field of Doppler 
sonography. These results underscore the significance 
of employing a standardized Doppler image acquisition 
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method to ensure accurate and reliable outcomes. Given 
the expanding diagnostic role of Doppler sonography in 
CT syndrome, the incorporation of the recommended 
amendments from this study into a standardized proto-
col holds potential benefits for health care practitioners 
in improving the diagnostic accuracy of CT syndrome.
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