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Abstract

Currently the gold standard for the diagnosis of carpal tunnel syndrome (CTS) is
through the use of nerve electrodiagnostic testing (EDX). The diagnosis is characterized
by a drop in sensory and motor function within the median nerve. This increase in nerve
dysfunction is associated with tissue injury, resulting from repetitive movements of the
median nerve through the carpal tunnel. At this point of diagnosis inflammation or
ischemic processes may have already begun compromising nerve function, both locally,
and systemically. In order to prevent symptoms as severe and possibly irreversible such
as these, the need for a method of earlier detection of median nerve trauma must be

investigated.

Utilizing musculoskeletal (MSK) sonography, it is hypothesized that earlier, less
afflictive physiologic changes to the median nerve can be visualized and quantified, with
the goal of providing enough pathophysiologic information to aid in the diagnosis of
CTS. By detecting the microtrauma within the nerve, it may be possible for a CTS
diagnosis to be made before tissue injury, as well as before a decrease in nerve sensory or
motor function occurs. Through the use of gray-scale ultrasonography, geometric
measurements of the median nerve can be obtained and analyzed, providing a
quantitative representation of nerve size. Similarly, the spectral Doppler function
possesses the capability of quantifying intraneural microvasculature within the median

nerve, by obtaining peak systolic velocities (PSVs) throughout.
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Objective

To better understand the progression of CTS, from the early risk factors into the
chronic stages of the disease, a flowchart (Figure 3) demonstrating the hypothesized steps
taken while developing WRMSD, was utilized.® Currently the use of EDX testing is
utilized in individuals with CTS symptoms in the Tissue Injury stage, as pertaining to the
conceptual model. At this point in the disease progression, inflammatory as well as
ischemic processes have already begun within and around the median nerve, causing
discomfort and occupational restrictions for the individual inflicted. The objective of this
study is to longitudinally examine the progression of CTS within the more acute
Microtrauma stage of the disorder into the Chronic and Disability stage. This
longitudinal examination will potentially provide evidence and determine if quantitative

data exists which will provide and insight into the way CTS disorder advances.






response of the median nerve associated with CTS will provide quantitative data
representing the acute changes in a median nerve after being exposed o repetitive

stressful maneuvers.

As median nerve compression throughout the carpal tunnel becomes chronic,
trauma such as demyelination occurs due to repetitive excursion of the nerve through the
restricted carpal tunnel space.'® This continued confinement leads to median nerve
ischemia at the site of compression.'! Similarly to the detection of pathophysiclogic
changes in the acute stages, MSK ultrasound will also be utilized to observe changes to
the median nerve in the chronic phase associated with nerve ischemia, such as decreased

nerve size and diminished intraneural vascularity.

Previous literature on CTS has primarily consisted of data representing only the
end stages of the disease. Therefore a systematic review will be needed in order to
establish the level of evidence that already exists within the literature. Afier attaining the
baseline evidence and existing knowledge reported in CTS disease progression, a study
will be formed allowing for the longitudinal collection of quantitative data as a

population progresses through the stages of the disease.















more subjects inte the experiment would have increased the data collected and statistical

rigor.

10









passes through the carpal tunnel and under the transverse carpal ligament. This is the
most common nerve entrapment syndrome of the upper limbs, with approximately
849,000 new cases reported each year in the United States.! Nerve conduction studies are
presently the gold standard in the diagnosis of CTS; however, imaging studies have
shown a posttive correlation between increasing cross-sectional area measurements
obtained using musculoskeletal sonography and a decrease in nerve conduction

s 12-15
velocities %1%

Sonography has also been demonstrated effective in evaluating other pathologies
in the wrist such as masses or fluid collections, as well as the size and echotexture of the
median nerve at distinct anatomical landmarks.'® The National Guidelines Clearinghouse
provides an evidence-based guideline for CTS diagnosed with sonography. This set of
guidelines was the direct result of a meta-analysis published in 2011, which reported the
diagnostic sensitivity of sonography to evaluate to evaluate the median nerve at 77.6%
and a specificity of 86.8%.!" This indicates a role for high-resolution sonography, which
can capture median nerve enlargement and increased hypoechogenicity.'® Recent studies
have taken a different approach to improve the diagnostic accuracy of sonography of the
median nerve. During the acute phase of CTS, the median nerve becomes enlarged and
constricted by the transverse carpal ligament as it passes through the carpal tunnel inlet.
Proximal to the inlet, a hyperemic response develops coupled with intraneural edema,
causing an inflamed nerve. Swelling constricts the nerve as it passes through the inlet on
its course to innervate the hand. By combining sonographic measures, including cross-

sectional area, hypoechogenicity, and hypervascularity of the median nerve, the additive
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epineurium at these two locations. Once the traces were completed, the computer
software automatically calculated the CSA. The image number within the imaging
sequence for both MRI and sonography was recorded on a customized worksheet to

ensure reproducibility for further data analysis,

Sonogram Analysis

The individual cases were analyzed by a credentialed sonographer on the same
GE Logiq i HCU that was used to perform the original musculoskeletal sonogram. Using
the analytical software found on the HCU, measurements at the corresponding locations
to MRI measurements were taken. The dynamic clip of the axial median nerve was
selected and matched by date to the corresponding MRI. Using the run/stop function,
images were selected that captured an image at the distal radius and at the proximal
pisiform, Using the direct trace function on the HCU, the outer edges of the median
nerve were carefully traced, making sure to include all of the epineurium. On the same
image, the nerve trace was repeated for the inner hyperechoic border. In a similar
manner as with the MRI, the direct trace of the CSA was completed five times, and the
high and low measures were eliminated from the average. Once both an outer CSA and
an inner CSA were recorded, the inner CSA was subtracted from the outer CSA to obtain

a residual area that represented the epineurial tissue.
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included the epineurium.'® This residual area or epineurium measurement would then
allow for the analysis of the interaction between the outer and inner CSA measurements,
and the epineurial connective tissue area, all obtained through sonography. While
examining the area of the nerve at the inlet to the carpal tunnel (most distal point of the
radius), a #-test between these residual area measurements before and after work exposure
demonstrated no statistical differences. Therefore, further measurement analysis was

deemed unnecessary.

Moving to the area of the nerve further distal within the carpal tunnel, identified
by the most proximal portion of the pisiform, significant differences were seen
comparing the pre- and post-work intervention. Using the calculated epineurial arca,
defined as the difference between the outer and inner median nerve CSA measurements,
correlations could be made to allow for a better understanding of the relationship between
the layers of the median nerve involved in the inflammatory process. A comparison of
the outer CSA measurements, which included the epineurium, to the epineurial layer
itself, demonstrated a strong positive correlation, suggesting that any increase in outer
CSA could result in an increase of the epineurium area regardless of physiologic change.
A second correlation between CSA measurements made along the inner border, which
excludes the epineurial layer, and the same epineurial layer as used in the previous
correlation demonstrated a weak positive correlation, suggesting that as the epineurial
layer area increased, the inner CSA measurements remained somewhat constant. These
findings suggest that as inflammation of the median nerve occurs, it is the enlargement of

the epincurial layer causing the overall increase in size, as opposed to the inner area of
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become hyperemic, therefore causing increased vascularity.” This physiclogic response
can be detected and visually sampled at any portion of the nerve.* The use of real-time
scanning and the ability to see the live movement of the nerve and the way it interacts
with surrounding tissue generates additional ways to monitor the physiologic process of

nerve repair.

Acknowledgments

The research team would like to thank our veterinary technicians, Stephanie

Moran and Rebecca Slattery for their invaluable support and hard work.

Declaration of Conflicting Interests

The authors declared no potential conflict of interest with respect to the research,

authorship, and/or publication of this article.

31












musculoskeletal disorder is characterized by the compression of the median nerve as it
passes through the carpal tunnel in the distal upper forearm. The carpal tunnel, which is
defined by the area surrounded by the anatomical boundaries of the transverse carpal
ligament superiorly and the first row of carpal bones inferiorly, provides space for the
median to travel distally for innervation of parts of the hand and digits.* However, the
most common risk factors for CTS are exposure to vibrations, direct compression, and
highly repetitive and forceful hand-wrist motions, will ultimately cause this space in the
carpal tunnel to diminish.® Furthermore, individuals suffering from other pathologies
such as rheumatoid arthritis, hyperthyroidism, acromegaly, and diabetes mellitus are also

at an increased risk for developing this entrapment disorder.*’

During the acute phase of CTS the median nerve becomes hyperemic, and
accompanied by intraneural edema, becomes enlarged as it begins to be compressed by
the transverse carpal ligament.! However, these acute physiologic changes are often
subtle and go unnoticed by the afflicted individual, as they most often occur at night,'**
As the compression becomes chronic and CTS symptoms become evident, microtrauma
consisting of demyelination of the nerve sheath occurs from the repetitive excursion of
the median nerve through the constricted carpal tunnel space.*** This continual
compression ultimately leads to median nerve ischemia at the site of compression.'’
Concentrating on the arterial innervation aspect of the pathophysiologic response within
the median nerve, it is plausible to attempt to observe changes in the arterial blood flow,

in and around the nerve, throughout the progression of this disorder. Previous studies

have been carried out to determine the vascularity of the median nerve and its
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to the very small size of the intraneural vasculature and the inability to determine the
course in which the blood vessels were traveling, no angle correction was applied when
obtaining the spectral Doppler tracings.” Weekly quality control measurements were
performed with the transducer and a tissue mimicking phantom throughout the study to

monitor and document reliable equipment performance.

Image Analysis

All spectral Doppler waveforms were analyzed retrospectively by two
credentialed sonographers. The research sonographers were blinded to the subject, as
well as the time point in the study in which images were obtained. This was done to
guard against researcher bias which might have influenced the results. All analysis was
completed on the same GE Logiq i hand-carried unit (HCU) (GE Healthcare, Milwaukee,

WI, USA) that was used to collect the data.

A strict inclusion criteria was developed and applied to both the power Doppler
portion and spectral tracings in order for these data points to be added to the study." The

criteria was as follows:
1. Must have at least three cardiac cycles in the spectral tracing
2. Must have the spectral Doppler gate positioned within the median nerve

3. Must have a power Doppler pixel in the gate
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of subjects participated in different phases throughout the study (baseline, working, and
recovery), this represented a unique opportunity to examine the development of this
disorder. The decision was made to investigate only the proximal portion of the median
nerve proximal to the carpal tunnel. As reported previously, the median nerve has been
described with swelling in the segment of the nerve just proximal to the site of
compression.”” Because of the associated hyperemic response associated with the
inflammation process, this proximal segment of the nerve was deemed most likely to
demonstrate the greatest change in intraneural blood flow activity. Given the research
question proposed, this site was regarded as most appropriate for investigation with

spectral Doppler.

Theoretically the baseline scans, completed before the subjects began the
repetitive working phase of the study, should have displayed consistency throughout
subsequent bi-weekly scans. Once the working phase began, the goal was to increase the
risk of acute physiologic changes to the median nerve. As repetitive wrist movements
occur, the inflammatory response of the median nerve begins. Subsequently, the
enlarged nerve has experienced microtrauma, due to the repetitive movement, through a

restricted space within the carpal tunnel.*

This microtrauma and swelling solicits the
hypervascularity of the median nerve which was the basis of the expected rise in peak
systolic velocities during the working phase. This was not in fact documented with the
data collected during this study. Similarly, corresponding qualitative changes were

expected in the trended data which reflected the subjects” completion of work exposure

and recovery, Throughout the working stage, this risk of injury to the median nerve
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are more accurately captured through the use of angle correction within spectral Doppler

gate. Therefore a replication study would advocate the use of angle correction.

Throughout the current study, it became apparent that with the proper technical
settings, intraneural vascularity, unrelated to the persistent median artery, was present
within the median nerve during every sonogram performed. Adopting this methodology,
in the current study, for determining median nerve hypervascularization, would not have
possessed adequate sensitivity. This underscores the need to further investigate utilizing
spectral Doppler for quantifying intraneural vascularity. An innovative approach to
assessing nerve vascularity which may alleviate the problem of diminished sensitivity,
would be to amplify the intraneural waveforms as recorded by spectral Doppler, through
the use of contrast enhanced ultrasound (CEUS). By injecting a microbubble-based
contrast agent, detection of low-volume blood flow can be improved by increasing the

5 : . 54
signal to noise ratio.”™>

Limitations

This preclinical study is limited foremost due to the level of evidence and has
threats to both internal and external validity. Furthermore, the addition of more subjects
into the experiment would have increased the data collected and statistical rigor. A
replication of this study would require that a direct measure of the force during the

repetitive squeeze task was not reported and would have made this a more robust study,
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as the work effort would have had the ability to be quantified. This would have also
ensured that the repetitive squeezing task was truly being completed by the subjects,
ruling out any threats to construct validity. Statistically, while comparing the left
(working wrist) to the right (non-working wrist), the non-working wrist would ideally be
used as the controlled variable, allowing a comparison to be made intra-subject.
However, caution is given to the use of a subject serving as its own control due to the
changes within the median nerve being attributed to pregnancy, diabetes, or leprosy. This
confounding variable causes the unilateral manipulation to not be the exclusive variable
causing median nerve changes. Subsequently this comparison is not appropriate;

therefore no true controlled variable was established.

Conclusion

This study provides low level evidence that the use of spectral Doppler to
accurately detect longitudinal changes in vascularity within the median nerve may be
diagnostically inadequate. As the subjects in the study moved through the working and
non-working stages of study, spectral Doppler alone proved to lack the level of sensitivity
needed to detect physiologic changes within the nerve. This outcome, although
inconclusive when it comes to detecting changes in median nerve vascularity, does
suggest the need for this method to be analyzed in conjunction with other sonographic

features and provocative testing. Cross-sectional area (CSA), nerve echogenicity, and
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Color/Power Doppler signal counts have all demonstrated validity and the ability to
provide useful data while being interrogated in previous studies in the diagnosis of CTS.
The investigation of sonographic features being used as a diagnostic adjunct should not
be abandoned, a longitudinal study combining all these factors and analytically

comparing the changes observed would appear to be the next logical step.

While examining the hypervascularity of the median nerve, the next step as
suggested in previous experiments would be the utilization of a contrast agent to amplify
the spectral Doppler signal returning from the microvasculature in the nerve.™ These
amplified waveforms would then hopefully possess the sensitivity to demonstrate a
detectable difference as the progression of MMN occurs. Taking this technique a step
further, these contrast enhanced Doppler waveforms could then be compared to T2
weighted MRI musculoskeletal scans. As set forth by the American College of
Radiology Appropriateness Criteria, MRI is the imaging gold standard pertaining to acute
wrist pain. Therefore a direct comparison between intraneural vascular intensity,
collected through the use of musculoskeletal ultrasound, and median nerve signal to noise

ratio (SNR) as collected through the use of MRI, would be appropriate.>
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epineurium measurements demonstrated a significant increase in area. This possible
representation of inflammation may be considered a good measurement associated with
an mereased risk in developing CTS, and further investigation of this measurement could

be considered.

The second study carried out in an attempt to obtain more information into the
pathophysiologic response of the median nerve associated with a repetitive pinching task
was through the use of spectral Doppler. Spectral Doppler tracings obtained throughout
the median nerve provide a quantitative representation of median nerve perfusion
throughout the nerve’s microvasculature. Similar to the first study conducted, this study
attempts to revert back to the Microfrauma stage of WRMSID disease process as
conceptualized in the Barr and Barbe diagram. Because this stage of acute CTS is
characterized by hyperemia of the median nerve, associated with inflammation, it was
plausible to expect to observe an increase in median nerve perfusion throughout the

beginning and into work exposure.’

As was demonstrated in the first study, the feasibility of obtaining spectral
Doppler tracings within the median nerve longitudinally was confirmed. However,
although the feasibility of obtaining these waveforms was possible, the discrimination of
the exact location of the waveforms be gathered was questionable. Ideally, with enough
blood flow coursing through the median nerve microvasculature, more accurate
determination of location as well as the ability to use angle correction while obtaining
spectral tracings may have been possible. For these reasons, this study provided

inadequate evidence to quantitatively or qualitatively demonstrate any significant change
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Chapter 5§

Future Directions

The objective of this study was to longitudinally examine the progression of
MMN within a working animal model, via ultrasound imaging techniques. By
controlling the work exposure of the cohorts, it was hypothesized that quantitative data
would be able to be collected before and throughout the acute Microtrauma stage and into

the Chronic and Disability stage of the disorder. This data, which represents

pathophysiologic changes of the median nerve, would then potentially provide evidence
and determine if quantitative data is able to provide any insight into the way CTS/MMN

progresses.

This experiment demonstrated the feasibility of MSK ultrasound to possess the
ability of quantifying pathophysiologic changes of the median nerve. Some insight was
also provided into the way in which the different layers of the median nerve behave in a
subject with suspected CTS/MMN. However, the main conclusion to be drawn from this
study is the inability of MSK ultrascund to detect significant changes of median nerve
size and perfusion longitudinally, due to lack of sensitivity. Because of this, a replication

study should take place in order to increase this sensitivity, first and foremost.
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Since this study was conducted in an animal model and all evidence derived from
it should be considered as preclinical, the next logical step would be its replication
utilizing a human model. As stated previously, the sensitivity of MSK ultrasound needs
to be increased in order to detect pathophysiologic changes within the median nerve
longitudinally. By doing this is the only way of achieving the ultimate goal, which is to

use MSK ultrasound to detect biomarkers of MMN and aid in the diagnosis of CTS.

One way in which this increased level of sensitivity can be obtained is by
combining different measures attainable through MSK ultrasound and analyzing their
effectiveness individually, as well as in combination. This study examined the
effectiveness of CSA obtained through gray-scale uitrasound as well as PSV’s obtained
through spectral Doppler to monitor changes in the median nerve. However other
ultrasonographic measures could also be used in conjunction with the aforementioned
techniques, such as median nerve excursion. By obtaining a longitudinal view of the
median nerve in the distal wrist, the sliding of the median nerve through the carpal tunnel
can be evaluated as the subject retroflexes the wrist. This subjective measure of the
median nerve’s gliding ability can also be considered in the detection of MMN risk

factors.

Another method of median nerve perfusion analysis, which could be combined
with PSV data, is the Klauser pixel count approach. In this method, color or power
Doppler and the amount of pixels illuminated are subjectively counted and scored. This
could be done on each subject with a standard dimension ROI, to provide more

information regarding median nerve perfusion. Taking this a step further, computer
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software such as PixelFlux Scientific® can be used to retrospectively quantify pixel
intensities within the median nerve semi-automatically. By manually drawing and ROI
around the median nerve displayed longitudinally, this software will calculate a variety of

data points, of those including average and maximum pixel intensities within the ROI.

As described in previous chapters, an innovative approach to increasing the
sensitivity of MSK ultrasound is through the use of CEUS. Previous studies have
demonstrated success in increasing the visualization and sensitivity of spectral Doppler
while detecting microvasculature blood flow in patients with rheumatoid arthritis.>*
Although this research is focused primarily on evaluating low-volume blood flow
associated with inflammation and synovitis in RA patients, the premise is translatable to
the detection of the microvasculature within the inflamed median nerve in patients
suffering from CTS. Since the pathophysioclogic response involved with the two
aforementioned diseases both involve vessel microtrauma and revascularization, it can
hypothesized that utilizing CEUS in the evaluation of the perfusion of the median nerve
will increase the sensitivity of spectral Doppler and allow for more accurate and sensitive
information to be gathered. It could be suggested that an intermediate step, before the
transition of a study evaluating median nerve perfusion in humans, would be a second
preclinical study, in which the safety and feasibility of CEUS is tested in an animal

model.

Other non-sonographic measures can also be used in conjunction with MSK
ultrasound to increase the overall sensitivity of MMN/CTS risk factor detection.

Provocative tests, such as Phalen, Tinels, and Durkin’s can be utilized to provide a

62



subjective measurement of pain within the wrist. Provocative testing is not possible with
an animal model, however these tests can be easily executed in a2 human study, which
would add another dimension during data analysis. Likewise, once the appropriate
sensitivity has been reached through the use of imaging techniques coupled with
provocative testing, a human study that monitors physiologic changes within the median
nerve, longitudinally, could be completed. Returning to the conceptual flow chart created
by Barr and Barbe, the hypothesized progression of WRMSIY’s is a theoretical frame
work for conducting such a study. As demonstrated in this study, it is feasible to detect
changes within the median nerve during which the subject is suspected to be in the
Microtrauma stage of the disease progression. Given this preclinical evidence, the next
logical step would be to attempt to detect such changes associated with the Microtrauma

stage in human subjects.

In order to analyze and translate the desired outcomes, subject recruitment is a
crucial part of the experimental design. One method of recruitment would be to collect
data from patients at the time of their electrodiagnostic testing. By doing this, EDX data
can be combined with data obtained through MSK ultrasound, which could provide more
representative data of pathophysiologic changes that arc occurring within the median
nerve. However, it is possible that patients receiving EDX testing may be experiencing
symptoms associated with a more advanced stage of the disease, such as Motor

Dysfunction or Tissue Injury. To avoid this potential pitfall, subjects who are

experiencing acute symptoms, associated with the Microtrauma stage, should be recruited

from a primary care physician’s office. Since this would be an initial step for patients
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Appendix A

Tables

Table 1: Mean Direct Trace cross-sectional areas for the Subjects’ Lefi Hand Pre and
Post-intervention by Group

LS Pisiform U5 Pisform US Radius LIS Radius MBI Pisiform MRI Radius

DCEA HCEA QCoA IC5A DC5A QTSR
Preintervention
Year | (n =8} 278 057 Ll Q.70 209 L9
Year 2 {n = 7} 154 Li0 1.85 (.66 i87 3.46
Pastintervention
Year | {n = §) 159 0.8[ 1.94 Q.65
Year 2{n =7} 174 0.83 .68 (.49

Proximal to the carpal tunnel inlet was indicated by the most distal portion of the radius,
and within the carpal tunnel was indicated by the most proximal portion of the pisiform.
ICSA, inner cross-sectional area; OCSA, outer cross-sectional area; MRI, magnetic
resonance imaging, US; ultrasonography.
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