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The present study suggests that ultrasound-guided injections are more effective 
compared to blind injections in the treatment of carpal tunnel syndrome. This outcome 
warrants further study, for example in a well-designed randomized trial with a well-
defined type of steroid and injection volume, using a standardized technique. 
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ABSTRACT

Purpose
To assess alterations in median nerve biomechanics within the carpal tunnel resulting 
from ultrasound-guided hydrodissection in a cadaveric model. 

Methods
Twelve fresh frozen human cadaver hands were used. Median nerve gliding resistance 
was measured at baseline and post-hydrodissection, by pulling the nerve proximally 
and then returning it to the origin. Six specimens were treated with hydrodissection, 
and 6 were used as controls.  

Results
In the hydrodissection group there was a significant reduction in mean peak  gliding 
resistance of 92.9 ± 34.8 mN between baseline and immediately post-hydrodissection 
(21.4% ± 10.5%, p= .001). No significant reduction between baseline and the second 
cycle occurred in the control group: 9.6 ± 29.8 mN (0.4% ± 5.3%, p= .467). 

Conclusion
Hydrodissection can decrease the gliding resistance of the median nerve within the 
carpal tunnel, at least in wrists unaffected by carpal tunnel syndrome. A clinical trial of 
hydrodissection seems justified.
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INTRODUCTION

Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy, with a 
reported annual incidence per 100,000 persons ranging from 324 to 524 among women 
and 135 to 303 among men1-4. Although the precise pathoetiology of idiopathic CTS 
remains undefined, the syndrome is characterized by increased pressure in the carpal 
tunnel, with consequent median nerve compression.  The most common and effective 
treatment methods for CTS are corticosteroid injections and surgical decompression5,6. 
Corticosteroid injections often provide temporary relief, but approximately half of 
injected patients require further treatment within one year5,7,8.  

Previous research has shown that the subsynovial connective tissue (SSCT) surrounding 
the tendons in the carpal tunnel is thickened and fibrotic in CTS patients compared 
to normal individuals9-12, and this thickening appears to result in reduced motion of 
the median nerve within the carpal tunnel13-16. While the relationship between fibrosis 
and neuropathy is still unknown, this reduction of mobility can prevent the nerve from 
moving aside as the tendons move anteriorly during strong grip or pinch17. This situation 
may compress the median nerve during gripping, thus contributing to development or 
progression of CTS. In addition, fixation can lead to traction neuropathy during hand 
activity as the tendons move along the nerve within the tunnel 18. Consequently, freeing 
the median nerve from any motion restriction might restore the dynamic balance in 
relative motion between the median nerve and the surrounding tissues, thus reducing 
CTS symptoms19,20.

Ultrasound-guided hydrodissection has recently been proposed to treat nerve 
entrapment21-23.  The potential utility of hydrodissection in CTS is based on the theory 
that nerve entrapment is exacerbated by median nerve fixation to surrounding tissues 
such as the transverse carpal ligament (TCL). This fixation, which is often seen at the 
time of surgery, appears to correlate with the reduction in nerve motion visualized by 
ultrasound imaging13-15. Hydrodissection uses an ultrasound-guided injection of sterile 
saline to create a perineural fluid plane between the nerve and surrounding tissues and 
consequently improve the nerve mobility. Advantages of hydrodissection are that it can 
be performed using only sterile saline solution or a similar physiologically compatible 
fluid, and the injection can be done in the office. In addition, hydrodissection is 
performed under ultrasound-guidance, lessening chances of median nerve injury 
compared to a blind injection.  

Several reports have anecdotally noted the use of hydrodissection to treat CTS21-23, 
but have not formally investigated whether the nerve is mobilized by this technique. 
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Consequently, the aim of this study was to assess alterations in the biomechanics of 
the median nerve environment resulting from the hydrodissection procedure in an 
unembalmed cadaveric model. Our hypothesis was that gliding resistance of the median 
nerve would be decreased after ultrasound-guided hydrodissection, presumably due 
to disruption of fibrous connections between the median nerve and surrounding 
tissue. In addition, we performed cyclic testing to assess whether the potential effect 
of hydrodissection was permanent or changed over time, as SSCT fibers weakened or 
stretched by hydrodissection might be more likely to break with continuous cycling.

METHODS

Experimental Set Up
Twelve fresh frozen human cadaveric hands were obtained from our institution’s 
anatomical bequest program for use in this experiment, with approval from our 
institutional biospecimen committee. Specimens were screened for a history of CTS, 
rheumatoid arthritis or traumatic injuries of the ipsilateral arm. We used cadaveric 
hands from donors unaffected by CTS, because the SSCT is expected to be less fibrous 
and therefore should be easier to dissect with the sterile saline injections.  Hands were 
amputated approximately 13 cm proximal to the wrist joint. All soft tissue was removed 
6 cm distal to the amputation site, in order to expose the proximal ends of the ulna and 
radius. The wrist was fixed in a neutral position with a customized external fixator, and 
the proximal ends of the ulna and the radius were locked into a clamp.

All digits were fixed in extension with 1.5-mm diameter K-wires. The median nerve and 
tendons in closest proximity to the median nerve in a neutral wrist position, namely the 
flexor pollicis longus (FPL), the flexor digitorum profundus of the index finger (FDP2) 
and the flexor digitorum superficialis of the index, middle and ring finger (FDS2 - FDS4) 
were exposed 2.5 cm proximal to the proximal wrist crease. Soft tissue in contact with 
the median nerve was removed to eliminate friction between the structures. The TCL 
was left intact (Figure 1A). Each tendon was connected proximally to a 50 gram weight 
suspended over a pulley to maintain tension. The three common palmar digital nerves, 
motor branch of the median nerve and the anastomotic branch to the ulnar nerve were 
divided distally and were sutured together. Before dividing the digital branches (Figure 
1B), these and the underlying tendon were marked at the level of the proximal part of 
the metacarpal bones, using a 6.0 Prolene suture, in order to define the neutral position 
for the median nerve (Figure 1C). The sutured median nerve bundle was connected 
distally to a 50 gram weight suspended over a pulley to maintain tension. The proximal 
end of the median nerve was connected to a stepper-motor driven mechanical actuator 
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controlled by a microcontroller (Arcus Technologies) and instrumented with a load 
cell (Transducer Techniques, Temecula, CA) (Figure 2). A similar experimental concept 
and apparatus has been used in previous studies from this laboratory to measure 
gliding resistance which indicated that when testing the same condition similar force-
displacement curves were found repeatedly24-26.  

Chapter 11 – fig 1 

Figure 1. A) Median nerve and tendons in closest proximity to the median nerve exposed 2.5 cm 
proximal to the proximal wrist crease (arrow). Median nerve exposed distal to the carpal tunnel 
outlet, approximately 5cm distal to the proximal wrist crease depending on hand size. B) Three 
palmar digital branches (dotted arrows) and motor branch (solid arrow) of the median nerve 
identified. C) Branches of the median nerve sutured together: the neutral position of the nerve 
identified by markers at the same level of the nerve and underlying FDS3 tendon (arrow).

Chapter 11 – fig 2 

Figure 2. Experimental set up.
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Prior to formal testing one preconditioning cycle was performed to ensure that any 
force reduction post treatment resulted from the hydrodissection, and not from the 
mechanical effect of the excursion/stretching.  The median nerve was pulled proximally 
at a rate of 1 mm/s for a distance of 6 mm, which is within the physiological range of 
median nerve excursion with full finger motion27-29, and then returned to the neutral 
position. Following a 30 minute delay to allow viscoelastic recovery, the baseline 
median nerve gliding resistance was assessed by pulling the nerve using the same 
parameters. Subsequent to the hydrodissection procedure, the median nerve gliding 
resistance was measured again. To measure the potential effect of hydrodissection over 
time, the nerve was subsequently pulled for 1000 repetitive cycles post-hydrodissection 
at the same velocity and amplitude as described above. Six specimens were treated 
with ultrasound-guided hydrodissection using the ulnar approach and 6 specimens 
were used as a control group -testing the gliding resistance of the median nerve using 
the same experimental set up, without performing hydrodissection (Figure 3). 

Chapter 11 – fig 3 

Figure 3. Flow chart describing testing sequence.
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Subsequently, in both groups the carpal tunnel was opened by transecting the TCL and 
the gliding resistance of the median nerve was measured. Finally, the gliding resistance 
was measured after neurolysis of the median nerve. With this final step, we aimed to 
investigate if fibrous connections that could not be dissected with hydrodissection can 
be dissected surgically, which then would result in an even lower gliding resistance. 
Force and displacement data were collected at a sample rate of 50 Hz during excursions.

Hydrodissection Technique
A Philips iE33 ultrasound machine (Philips Electronics, Best, The Netherlands) with an 
L15-7io MHz linear array transducer was used to guide the hydrodissection. We used 
the ulnar approach for performing hydrodissection as described previously by Smith 
et al.30. The ultrasound transducer was placed transversely along the proximal wrist 
crease (carpal tunnel inlet). First, the median nerve and the pisiform (on the ulnar 
side) were identified.  Under ultrasound guidance, a 27 gauge needle was inserted 
into the skin on the ulnar side of the palmaris longus at the level of the wrist crease 
along a trajectory approximately parallel to the transducer footprint. Subsequently, the 
needle penetrated the TCL on the ulnar side of the carpal tunnel and under real time 
visualization the needle was directed to the superficial ulnar side of the median nerve. 
Then, the first injectate was delivered and the median nerve was hydrodissected from 
the undersurface of the TCL while advancing the needle between the superficial aspect 
of the median nerve and the overlying TCL (Figure 4A, supplemental video 1).  After 
complete separation of the nerve and TCL was sonographically confirmed along the 
length of the carpal tunnel, the needle was withdrawn to the ulnar side of the median 
nerve and redirected to its deep surface. The remainder of the injectate was delivered, 
separating the nerve from the underlying SSCT and tendons (Figure 4B, supplemental 
video 2), once again confirming with ultrasound complete hydrodissection along the 
deep surface of the median nerve throughout the carpal tunnel within the TCL region 
(supplemental video 3). All hydrodissections were performed with a total volume of 5 
mL of saline based on clinical experience and a pilot study of one cadaveric specimen 
demonstrating complete median nerve hydrodissection throughout the carpal tunnel 
with this volume. We then waited for 30 minutes to allow the saline to disperse within 
the wrist, before testing the median nerve gliding resistance again.
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Chapter 11 – fig 4 

Figure 4. Transverse ultrasound image of the carpal tunnel. Left=ulnar. A 27-gauge needle 
(dotted arrow) penetrated the TCL (down pointing arrows) on the ulnar side of the carpal tunnel 
A) freeing the median nerve (MN) from the transverse carpal ligament B) separating the nerve 
from the underlying subsynovial connective tissue and flexor tendons (FT).  

Data Analysis
The peak gliding resistance and total energy for each cycle were calculated as described 
in previous studies evaluating the characteristics of the SSCT31,32. Peak gliding resistance 
was the difference between the maximum force and the minimum force observed 
within each specific cycle and the energy absorption was the area under the curve of 
the resistance load-excursion curve, up to the maximum displacement. Peak gliding 
resistance of the median nerve and energy absorption were analyzed at baseline, at 
the second cycle and subsequently at intervals of 50 cycles up to cycle 1000, post-TCL 
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transection and post-neurolysis.  A custom MATLAB (version 2016a, MathWorks, Natick, 
MA) program was developed to analyze the repetitive force-excursion data, providing 
the peak gliding resistance and energy absorption for the selected cycles. 

Statistical Analysis
Summary statistics are shown as mean ± standard deviation. Peak gliding resistance and 
energy absorption of the baseline conditions were compared to the same parameters 
obtained after hydrodissection using a paired t-test. The same test was applied to the 
control group in order to assess whether there was a significant difference between 
baseline measurement and the second cycle. Independent t-test was used to compare 
the gliding resistance and the energy absorption of the selected cycles between the 
two groups.  P-values less than 0.05 were considered significant. Statistical analyses 
were performed using the Statistical Package for Social Science (SPSS) software (version 
22.0, Chicago, IL, USA) and R version 3.2.3.

RESULTS

The hydrodissection and the control groups did not differ significantly in terms of age, 
gender or baseline peak gliding resistance and energy absorption. Mean age at death 
was 73 ± 12.3 years in the hydrodissection group and 73 ± 21.3 years in the control group 
(p = .961). There were 2 female and 4 male specimens in each group. Mean baseline 
peak gliding resistance was 584.9 ± 419.8 mN in the hydrodissection group and 452.9 
± 189.9 mN in the control group (p = .499). Mean baseline energy absorption was 1.8 
± 1.1 mJ in the hydrodissection group and 1.6 ± 0.5 mJ in the control group (p = .674).
In the hydrodissection group, we found a decrease in mean peak gliding resistance of 
92.9 ± 34.8 mN between baseline and immediately post-hydrodissection and a decrease 
in mean energy absorption of 0.3 ± 0.2 mJ. In the control group a reduction in mean 
peak gliding resistance of 9.6 ± 29.8 mN occurred between baseline and cycle 2 and a 
reduction in mean energy absorption of 0.03 ± 0.15 mJ  (Figure 5). The mean percentage 
difference in peak gliding resistance between baseline and post-hydrodissection was 
21.4% ± 10.5%. The mean percentage difference between baseline and second cycle in 
the control group was 0.4% ± 5.3%. 
There was no significant difference in mean peak gliding resistance between the 
preconditioning cycle and baseline cycle in the hydrodissection group (p = .161), 
indicating that a perturbation alone is not enough to disrupt the equilibrium.
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Chapter 11 – fig 5 

Figure 5. Difference in A) peak gliding resistance and B) energy absorption between baseline 
(cycle 1) and second cycle for both groups. The boxplots show the distribution of peak gliding 
resistance and energy absorption for the two groups. The boxes represent the 25th, 50th, and 75th 
percentiles. The whiskers show the range and points represent the data values.

Repetitive Motion Testing
The peak gliding resistance slightly decreased over 1000 repetitive cycles (difference 
between cycle 1 and cycle 1000) in both the hydrodissection and the control groups. 
However these changes were not statistically significantly different for either group 
(hydrodissection group p = .139, control group p = .276) or between groups (p = 
.615) (Figure 6A). In addition, there was no statistically significant difference in energy 
absorption over 1000 repetitive cycles in either group (hydrodissection group p = 
.056, control group p = .310). Greater reduction in energy absorption was found in 
the hydrodissection group during 1000 cycles compared to the control. However the 
difference between the two groups was not statistically significant (p = .308) (Figure 6B).  
Transection of the TCL resulted in a decrease of 26.3% ± 10.9% and 33.8% ± 8.5% in peak 
gliding resistance  compared to the previous cycle, for the hydrodissection group and 
the control group respectively (hydrodissection group p = .100, control group p < .001, 



193 

Chapter 11Ultrasound-guided hydrodissection within the carpal tunnel 

11

between groups p = .210). The greatest decrease in peak gliding resistance was found 
after neurolysis of the median nerve: a 69.1% ± 9.2% decrease in the hydrodissection 
group and a 81.0% ± 7.0% decrease in the control group compared to the previous cycle, 
resulting in a peak gliding resistance of 48.0 ± 26.9 mN and 77.0 ± 23.9 mN respectively 
(hydrodissection group p = .010, control group p = .002, between groups p = .523). Chapter 11 – fig 6 Chapter 11 – fig 6 

Figure 6. A) Mean peak gliding resistance at baseline, during repetitive motion testing, post-TCL 
transection and post-neurolysis of the median nerve. Error bars represent standard deviations.  
B) Energy absorption at baseline, during repetitive motion testing, post-TCL transection and post-
neurolysis of the median nerve. Error bars represent one standard deviation.
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DISCUSSION

Based on this cadaveric study we can conclude that ultrasound-guided hydrodissection 
can decrease the peak gliding resistance of the median nerve within the carpal 
tunnel, at least in wrists unaffected by CTS. Although the precise mechanism by 
which hydrodissection may reduce median nerve peak gliding resistance cannot be 
determined within the context of the current study, it is plausible that hydrodissection 
mechanically mobilizes the median nerve relative to the surrounding carpal tunnel 
structures. The most common histological finding in CTS is non-inflammatory fibrosis 
of SSCT surrounding the tendons in the carpal tunnel9,12,33. Several studies suggest that 
fibrosis leads to decreased motion of the median nerve within the carpal tunnel13-15. 
Freeing the median nerve from the TCL and surrounding tendons by dissecting the SSCT 
might result in restoration of the normal kinematics within the carpal tunnel, thereby 
reducing symptoms.

Our repetitive data indicate that the effects of hydrodissection may be long lasting and 
not entirely dependent on the persistence of a fluid bolus, which might have provided 
lubrication. Thus, the repetitive motion data suggest that there was no apparent 
additive effect of repetitive gliding and that there was no loss of hydrodissection effect 
over time, at least over 1000 repetitive cycles. TCL transection and neurolysis reduced 
the gliding resistance. Examining the effect of TCL transection and neurolysis validated 
our model, since we expected the gliding resistance to decrease. 

Few studies have investigated the clinical effect of ultrasound-guided hydrodissection 
in patients with CTS. DeLea et al. treated 12 patients with scleroderma in the hand with 
ultrasound-guided hydrodissection (using 3 mL of 1% lidocaine) of entrapped structures 
within the carpal tunnel followed by a corticosteroid injection of 80 mg triamcinolone 
and included 14 patients with rheumatoid arthritis (RA) related CTS as a control group. 
They found that the treatment reduced the pain scores by 47% from baseline at two 
weeks in RA-related CTS and by 67% from baseline in scleroderma subjects22. Malone 
et al. treated 44 wrists in 34 patients with CTS using hydrodissection of the median 
nerve and fenestration of the flexor retinaculum21. The median nerve was separated 
from the deep surface of the flexor retinaculum, using 9 cc of sterile saline, 1cc of 1% 
lidocaine and 1cc of 40mg/ml triamcinolone acetonide. Subsequently, a series of 150 
fenestrations of the flexor retinaculum was made, using a 20 gauge needle tip. In 39 
wrists the symptoms improved and in 5 wrists open carpal tunnel release was required 
after an average of 32 weeks. In addition, a prospective study on 75 cases of 44 patients 
with CTS receiving an injection of a 2 mL anesthetic-corticosteroid mixture using 
either one of two different ultrasound-guided approaches or a blind injection found 
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a significantly greater improvement in symptoms using the in-plane ulnar approach 
with hydrodissection compared to the out-plane ulnar ultrasound-guided approach 
without hydrodissection or the blind injection group at twelve weeks23. In addition to 
the clinical improvement, a larger decrease in cross-sectional area of the median nerve 
and greater improvement in nerve conduction study were found with the in-plane ulnar 
approach compared to the out-plane approach and blind injection. A limitation of all 
of these clinical studies is that due to the study designs, the differential contributions 
of hydrodissection, injected steroid, lidocaine, or fenestration of the flexor retinaculum 
could not be determined.

Some limitations of our study should be considered. First, we have tested specimens 
unaffected by CTS only, which is the best case scenario since the SSCT will likely be 
fibrous and therefore more difficult to dissect in specimens with a history of CTS. In 
addition, the shape of the median nerve can be altered in patients with CTS and this 
might have an effect on the kinematics within the carpal tunnel15. Conversely, it might be 
easier to mechanically see the effect of the treatment in specimens affected by CTS.  This 
study could be repeated in specimens obtained from donors with clinical CTS. Second, 
a sham experiment, in which we just inserted a needle without injecting saline, was not 
performed. Although we do not expect a significant change in gliding resistance and 
energy absorption from just inserting the needle, this possibility has not been explored. 
Third, the groups had a slightly different gliding resistance at baseline and the standard 
deviations for all the measurements were relatively wide. This variation was probably 
due to normal inter-individual biological variability. Fourth, clinicians should exercise 
appropriate caution when extrapolating our cadaveric results to clinical populations. 
Although we have used fresh frozen specimens, it is possible the biomechanical and 
morphological properties of the median nerve and surrounding SSCT may be affected 
by the freezing and thawing34. In addition, the results of hydrodissection may be 
influenced in vivo by differing hydrostatic pressure conditions compared to those found 
in cadavers. Fifth, the experimental set up is artificial since we tested isolated median 
nerve motion relative to the immobilized structures around it in the longitudinal plane 
only. In vivo, these structures may all be moving relative to each other in both the 
longitudinal and transverse plane during functional activities. In our model, only the 
median nerve moved. 

The strength of this study is that it provides information about the kinematic properties 
within the carpal tunnel. This information may contribute to a better understanding of 
the mechanism of action of hydrodissection. Clinical studies have already suggested 
that ultrasound-guided hydrodissection can reduce symptoms in patients with CTS as 
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described above. However, this clinical improvement might be due to a placebo effect. 
With this study we have shown that the perineural fluid plane created by hydrodissection 
and visualized by ultrasound actually leads to altered forces within the carpal tunnel. 

In conclusion, this study shows that ultrasound-guided hydrodissection can decrease 
the peak gliding resistance of the median nerve. The next step would be to assess 
whether the use of hydrodissection leads to improved nerve mobility, greater reduction 
in symptoms, or decreased recurrence rate in comparison with regular ultrasound-
guided injections, with and without an anesthetic corticosteroid mixture. A clinical trial 
of ultrasound-guided hydrodissection seems justified. 
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In this chapter, which contains three paragraphs, the main findings of the thesis are 
discussed. Firstly, we focus on the conventional treatment options for carpal tunnel 
syndrome (CTS). Since there is only support for the short-term effect of steroid 
injections1,2, the role of local injections for CTS remains under discussion. We therefore 
assessed the long-term effect of corticosteroid injections in CTS. In addition, for both 
corticosteroid injections and surgery it remains challenging to predict treatment 
outcome. Using a large population-based cohort from Olmsted County, MN, USA, and 
a large dataset from Xpert Clinic, the Netherlands, we identified prognostic factors for 
treatment outcome after a corticosteroid injection and carpal tunnel release (CTR), 
respectively. The results of these studies are discussed in the first paragraph.     
The second paragraph focuses on ultrasound in CTS. The Mayo Clinic, Rochester, MN, 
is conducting a clinical trial on ultrasound in CTS: ‘Dynamic ultrasound to enhance 
understanding of CTS (DUCATS) study’. The main aim of the clinical trial is to identify 
ultrasound parameters that can serve as predictors for treatment outcome in CTS. 
The ultimate goal is to provide more tailored treatment for specific patients with CTS. 
However, prior to analyzing the study data, the method of analyses had to be optimized. 
In this paragraph we discuss a new technique to analyze dynamic ultrasound data in the 
longitudinal plane. Furthermore, the prognostic potential of both static and dynamic 
ultrasound assessments for surgical outcome are discussed.      
Lastly, in the third paragraph, the effectiveness of ultrasound-guided injections and 
additionally, hydrodissection (a new technique to treat nerve entrapment) are discussed.
Each paragraph finishes with recommendations for future research.

1. TREATMENT OUTCOMES OF CTS 

1.1.1. Treatment guideline
Although generally there is concordance between different clinical practice guidelines 
for CTS (injection and/or splinting as a first option if clinically indicated and subsequently 
surgery if needed), there is no consensus on the optimal treatment algorithm in terms of, 
for example, maximum number of subsequent corticosteroid injections, time-window 
between interventions and timing of surgery. Some studies even suggest proceeding 
directly to surgery, without attempting an injection, to reduce costs3-5. Additionally, 
some surgeons consider the value of steroid injection for CTS to be of diagnostic 
benefit only6. Thus, there remains uncertainty in treating this seemingly straightforward 
condition and regional variations in care are a reflection of this uncertainty7. In this 
thesis, we explored factors that influence treatment outcome in CTS.
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1.1.2. The role of corticosteroid injections
Since there is only support for the effectiveness of corticosteroid injections in the short-
term, we performed a retrospective analysis of the effectiveness of steroid injection for 
CTS using a cohort from Olmsted County with a median follow-up of 7.4 years (chapter 
2). We found that approximately one third of the patients did not have subsequent 
treatment after a single corticosteroid injection. Due to the nature of our data, our 
outcome measure (patient-received additional treatment) was only a proxy for the 
underlying clinical question regarding patient experience of symptoms. Therefore, 
further studies with more targeted outcomes such as the Boston Carpal Tunnel 
Questionnaire (BCTQ) are needed to assess that question. Still, our study indicates that 
there is a therapeutic role for corticosteroid injections in CTS and we therefore think 
that a steroid injection should be a serious consideration in CTS. On the other hand, 
since there is not much literature on the natural history of CTS, we cannot tell whether 
these patients did not receive further treatment because the injection decreased 
the symptoms or because the patients elected for some other reason not to receive 
subsequent treatment.
Milone et al. performed a cost-minimizing analysis to identify the least costly strategy 
for CTS treatment utilizing reported success rates including, amongst others, our study 
from chapter 2.8 They concluded that initial management with steroid injections 
minimizes the direct payer costs. However, besides cost-effectiveness, many other 
factors play a role in deciding on the type of treatment for CTS and, although important, 
costs-effectiveness may not be the most relevant factor. In addition, based on our study 
in chapter 2 we cannot state that all patients with CTS should have an injection first. As 
described, within the same time frame many patients diagnosed with CTS underwent 
surgery without a preceding injection. In general, these were patients with a more 
severe disease as measured by electrodiagnostic testing (EDS). This may be appropriate 
for patients with severe CTS, including patients with thenar atrophy and decreased 
sensibility. Around 75% of the patients in our cohort with a severe EDS result eventually 
underwent surgery. There were an insufficient number of patients who received a 
second injection (5%) to assess the effect of repeated injections. However, we found 
that the proportion that eventually proceeded to surgery after a second injection was 
similar to the rate of failure after the first injection (62.7% versus 62.8%).

Our data suggest that a single injection may reduce the rate of subsequent surgery for 
many years. If symptoms persist, surgery can follow promptly. If the injection controls 
the symptoms, though, based on our data it may be reasonable to await the return of 
symptoms, rather than assuming that all patients will have a recurrence of symptoms 
within a few weeks to months, and therefore routinely offering surgery.
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1.2.1 Prediction of treatment outcome
Corticosteroid injection

Ideally, we will be able to reduce patient burden by predicting who will respond to a 
corticosteroid injection. In chapter 2 we described prognostic factors for subsequent 
treatment after a single injection for CTS. Our data suggested that patients with more 
severe EDS results were more likely to experience injection failure. Rheumatoid arthritis 
was found to be significantly associated with a decreased likelihood of injection failure 
for both any retreatment and for carpal tunnel release. This might be explained by a 
different underlying pathophysiology of rheumatoid arthritis associated CTS compared 
to idiopathic CTS; an inflammatory condition versus non-inflammatory fibrosis in 
idiopathic CTS. Other risk factors that were examined, namely age, sex, a history of 
diabetes mellitus and diagnosis of peripheral neuropathy or cervical radiculopathy 
were not significantly associated with treatment failure. 
In chapter 3 we looked further into injection volume and found a significant association 
between higher injectate volume and reduced rate of subsequent treatment within 
one year after the initial injection. Interestingly, the effective dose of steroid was not 
significantly associated with subsequent treatment. Our result therefore indicates that 
the mechanism of action of an injection in CTS might not solely depend on the effect of 
a corticosteroid. Additionally, the exact mechanism of action of corticosteroid injections 
in CTS is not fully understood. Different types of steroids have been clinically used; 
triamcinolone, betamethasone and methylprednisolone have been most frequently 
described2,9. The general thought is that the steroid leads to reduced inflammation and 
swelling of the median nerve and tendons within the carpal tunnel and consequently 
reduces the pressure. However, there is also support for the effect of local anesthetics in 
CTS10. Lidocaine has been shown to have a potential as an anti-inflammatory agent and 
might therefore contribute to the treatment effect of injections in CTS, since steroids 
are commonly mixed with lidocaine11,12. Karadas et al. assessed the effectiveness 
of triamcinolone acetonide versus procaine hydrochloride (HCl) injections in the 
management of carpal tunnel syndrome10. They found that procaine HCl injections 
were as effective as steroid injections, in terms of improved symptoms and functions on 
the BCTQ and improved EDS results. Since 96% of the injections in our study consisted 
of a mix of steroid combined with 1% lidocaine, we could not assess the effect of the 
anesthetic unfortunately. Furthermore, another potential mechanism of action is the 
mechanical effect of the volume of the injectate creating a perineural fluid plane. This 
mechanism is known as hydrodissection; a novel technique to treat nerve entrapment13. 
The potential of this technique will be discussed in paragraph 3.
Although greater injectate volume is associated with decreased likelihood of failure, 
we could not determine the optimal injection volume (mean (SD) volume used in 
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our study: 3.7 mL (1.2)). In addition, while trends in the observed data were reported, 
we would be hesitant to extrapolate effects in volumes beyond the range of values 
present; it is possible that the relationship of injectate volume to failure of treatment 
might show a different trend in higher volumes. Further research is necessary to define 
the optimal volume of a corticosteroid injection in CTS. A prospective study with a low 
and high volume injection group, using a validated outcome measure, would be ideal. 
Additionally, further research is necessary to identify those patients who could benefit 
from an injection, to provide more individually tailored treatment. 

1.2.2 Prediction of treatment outcome 
Carpal tunnel release

Although carpal tunnel release is considered the most effective treatment option for 
CTS, it is challenging to predict the outcome of carpal tunnel surgery. CTR is usually 
considered if there are clinical signs of median nerve denervation or symptoms persist 
despite trying corticosteroid injections and splinting14,15. As described in chapter 4, 
symptoms usually reduce after surgery for CTS. However, it remains difficult to predict 
how effective a CTR is for each individual patient. In chapter 4 we showed that a low score 
on the BCTQ at intake was associated with less symptom improvement. Additionally, 
a co-diagnosis of a trigger finger, ulnar nerve neuropathy, trapeziometacarpal joint 
arthrosis, and instability or arthrosis of the wrist were associated with a smaller 
improvement in the BCTQ domains at 6 months after surgery. These results can help 
understand the capabilities of a CTR in terms of symptom relief for different subgroups 
and consequently provide information for the management of patient expectations. 
Additionally, the variables only accounted for 35-42% of the variance on the BCTQ in our 
multivariable regression models. Therefore, there must be other factors contributing to 
variance in treatment outcome. Mental health16,17 and pre-operative expectations18-20 
can both influence patient reported outcomes. For example, Ring et al. reported a 
significant correlation between the Disabilities of the Arm, Shoulder and Hand (DASH) 
score and depression in patients with CTS16. In addition, several studies in the field of 
orthopedics described a significant association between higher treatment-specific 
expectations and better treatment outcomes18-20. Including these variables might 
contribute to a more precise prediction of treatment outcome after a CTR. Physicians 
can influence patient expectations and consequently treatment outcome by carefully 
informing the patient. Furthermore, treatment outcome could have been influenced 
by other factors, such as surgeon experience. Several studies have shown that higher-
volume surgeons achieve better results for a specific procedure21-23.
In chapter 5 we focused on surgeon volume and treatment outcome after CTR. As 
described, we did not find a volume-outcome relationship. However, our cohort involved 
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highly specialized hand surgeons operating in high volume centers only. Therefore, we 
can only conclude that ‘practice does not make perfect’ in specialized hand surgeons 
performing CTR. Whether this is also the case for other specialists, fellows or residents 
performing a CTR, should be further investigated. In addition, in the case of CTS, having 
an experienced physician make the correct diagnosis might have greater influence on 
outcome than the performance of the procedure. Since CTR is considered a relatively 
simple procedure, part of the worse outcomes might be due to misdiagnosis rather 
than a suboptimal execution of the procedure. Conditions which can be mistaken for 
CTS are for example musculotendinous strain, cervical radiculopathy, ulnar neuropathy 
or thoracic outlet syndrome24,25. A more experienced physician might be more likely to 
differentiate between these conditions.

Recommendations for future research

We evaluated conventional treatment options and found that both a corticosteroid 
injection and CTR should be considered in the treatment of CTS patients. 
In the literature, several prognostic factors for treatment outcome after corticosteroid 
injections for CTS have been identified. However, most of the studies included only a 
subset of these variables. Due to the low proportion of overlapping prognostic factors 
between studies, it would be difficult to pool the data of the different studies in other to 
perform a meta-analysis. In addition, the definition of success varied between studies. 
Need for additional treatment and the recurrence of symptoms are most frequently 
used outcome measures. Future studies should ideally use patient reported outcomes 
in order to measure the effect of the intervention from the patients’ perspective.
In addition, clinical trials can only assess whether interventions are effective on average 
whereas a prediction model can be used to estimate treatment outcome for an individual 
patient. Therefore, large multivariable studies including all identified prognostic factors 
using targeted patient reported outcomes are necessary. Ideally, patient reported 
experience measures (PREMS) will be added to these models, since it is known that 
better experience with healthcare delivery is associated with better patient-reported 
outcomes in, for example, Dupuytren’s disease26. In addition, since there is evidence 
for the association between psychological factors, such as patients expectations20 
and depression16 and patient reported outcomes, pre-treatment psychological factors 
should be added to such a prediction model as well. 
Up till now, there is no consensus on the effectiveness of a second or subsequent 
injection. However, our study on long-term follow-up of steroid injections indicated a 
similar success rate for the second compared to the first injection. This result justifies a 
comparison between long-term treatment with corticosteroid injections and CTR.   
Several studies have also identified prognostic factors for surgical outcome. However, 
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most of these studies just considered only a subset of the variables as well. The same 
applies as for treatment outcome after a corticosteroid injection: large multivariable 
studies including all identified prognostic factors including PREMS and psychological 
factors, using targeted patient reported outcomes with sufficient follow-up are 
necessary.
Currently, little is known about the natural history of CTS. It would also be helpful to 
identify prognostic factors for improvement in symptoms in a cohort of patients who 
received a wait-and-see approach to identify who might not require an intervention. 
In addition, since the exact pathophysiology of CTS is still unknown and there are 
probably still ‘unknown unknowns’ that influence treatment outcome in CTS, basic 
research is required in order to fully understand and consequently treat and prevent 
this syndrome.
To summarize, we suggest focusing on building prediction models with targeted 
outcome measures including psychological variables as mental health and patient 
expectations to be able to select the most appropriate treatment for each patient. 

2.  ULTRASONOGRAPHIC ASSESSMENT OF CTS

Ultrasound imaging provides accurate visualization of structures within the carpal 
tunnel and can consequently support the diagnosis of CTS. The most recent Dutch 
guideline for CTS even suggests to perform ultrasound examination, if available, as a 
first diagnostic tool15. However, up until now, there is only support for the diagnostic 
value of static images of the carpal tunnel. The development of high-resolution, high-
frequency ultrasound transducers allows us to perform dynamic ultrasound scanning 
of the carpal tunnel. In the longitudinal plane we were mainly interested in the shear 
index between the flexor digitorum superficialis tendon of the middle finger (FDS3) 
and surrounding subsynovial connective tissue (SSCT), since previous studies have 
shown that the relative motion between FDS3 and SSCT in patients with CTS is different 
compared to controls27,28. In the transverse plane we were interested in both the 
morphology of the median nerve and the mobility of the nerve during motion of the 
hand and wrist as potential predictors of treatment outcome.

2.1 Ultrasonographic assessment in the longitudinal plane
To be able to accurately measure longitudinal motion of structures within the carpal 
tunnel without the use of anatomical landmarks, we proposed and validated an improved 
ultrasound speckle tracking algorithm using Singular Value Decomposition (SVD) in 
a cadaver study as described in chapter 6. We showed that the relative displacement 
errors of the tendon for the improved speckle tracking was significantly lower compared 
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to the original algorithm and commercial tracking. Although the shear index of the 
tendon and SSCT was the main variable of interest, we could not assess the validity of 
the motion measurements of the SSCT. Because the SSCT is a multilayered structure of 
approximately 0.8 mm thick29, unfortunately, it is challenging to create a ground truth 
measurement. Nevertheless, after optimizing the algorithm for several parameters 
(chapter 7) we tested the reliability of the algorithm using in-vivo data of CTS patients 
and controls. The reliability of measurements of the FDS3 tendon, SSCT and shear index 
were assessed, as described in chapter 8.  Mean intraclass-correlations (ICC) of tendon 
displacement varied between 0.88-0.98 in the CTS patients. SSCT tracking showed lower 
reliability values compared to tendon tracking but the results were still considered fair 
to good (ICC 0.74-0.81). As we now have a customized technique to reliably measure 
the motion of the tendon and SSCT within the carpal tunnel, the next step would 
be to use the algorithm in a clinical study and assess whether there is an association 
between these ultrasound parameters, especially shear index, and patient reported 
outcome. The parameter(s) may ultimately serve as a predictor of treatment outcome.

2.2 Ultrasonographic assessment in the transverse plane
In addition to longitudinal measurements, we focused on ultrasound measurements in a 
transverse plane. We explored the differences in nerve morphology and dynamics after 
CTR using ultrasound and assessed the association with patient-reported outcomes as 
described in chapter 9. We found that the median nerve area and perimeter decreased 
significantly after surgery. However, these changes were not associated with the change 
in clinical outcome. It has been shown that pressure within the carpal tunnel decreases 
directly after CTR30, indicating that perineural edema caused by compression can reduce 
shortly after surgery. Nevertheless, currently it is unknown if and when changes to the 
fibrotic SSCT also occur after surgery. We found that excursion in the dorsal direction 
during wrist flexion increased after surgery, providing evidence that the nerve regains 
mobility in that direction. In addition, higher overall nerve mobility after surgery during 
finger flexion was associated with symptom relief. However, the nerve mobility at 
baseline was not associated with clinical outcome. Furthermore, we could not define a 
nerve movement threshold that captured a subpopulation that represents either good 
clinical outcomes or less excellent outcomes. The only baseline ultrasound parameter 
that was associated with clinical outcome was the cross sectional nerve area: larger cross 
sectional area was associated with more functional improvement. However, this variable 
was not associated with symptom relief. Previous studies have shown conflicting results 
on the predictive value of the median nerve cross sectional area, as both negative31,32 
and positive33,34 associations between nerve area and outcomes have been found. In 
addition, there are also studies that found no association between median nerve area 
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and clinical outcome35,36. These conflicting findings might be due to timing of the 
assessments and differences in ultrasound protocols. Bland et al. concluded that one 
ultrasound parameter alone is unlikely to support treatment counseling for individual 
patients in CTS35.  Our test-retest data from healthy volunteers indicated that there was 
a physiological variation in the mobility of the median nerve during finger and wrist 
movements. Therefore, it would be interesting to add ultrasound data of a sagittal view 
(longitudinal plane), since structures within the carpal tunnel move in a 3D-plane.  

Recommendations for future research

As described in the first paragraph, some prognostic factors of treatment outcome in CTS 
have been identified. However, it remains challenging to predict treatment outcome. We 
hypothesized that ultrasound parameters can serve as predictors of treatment outcome. 
However, our clinical study showed that although the mobility of the median nerve 
increased after CTR, there is limited potential to use baseline ultrasound parameters 
for the prediction of surgical outcome. Other dynamic ultrasound parameters, such 
as shear index between FDS3 and the SSCT, that were not yet included in our study, 
might correlate with treatment outcome. Therefore we recommend assessing whether 
there is an association between the longitudinal ultrasound parameters and treatment 
outcome. Although longitudinal imaging could provide more information on SSCT 
dynamics, one should keep in mind that the SSCT is a relatively small structure with 
lower reliability values compared to tendon tracking. Right now, it seems difficult 
to use dynamic ultrasound in order to make a difference in understanding the 
pathophysiology of CTS and consequently to predict treatment outcomes. However, 
recent higher frequency ultrasound machines may provide increasing possibilities for 
imaging analyses and options for studying smaller structures such as the SSCT and for 
example the epineurium of the median nerve.
In addition, conservative treatment including splinting and corticosteroid injections 
should be topic of similar studies. The surgical outcome in our study was generally 
good. Clinical outcomes after a corticosteroid injection could have a greater variability. 
Therefore, there might be a role for ultrasound as a predictor for treatment outcome 
after an injection. 
Because we cannot provide the optimal treatment algorithm for CTS, new ultrasound 
techniques, such as ultrasonographic elastography37, which has the potential to serve 
as a predictor, deserve further investigation. Elastography provides information on the 
elasticity of tissue. Both strain38,39 and shear wave37 elastography have been studied 
in the context of CTS. Strain elastography applies compressive force to tissue and 
measures stiffness  (semi-quantitative measure), whereas shear wave is a quantitative 
measurement of elasticity of tissue based on the velocity of shear waves (in stiffer tissue, 
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the shear waves travel faster). It has been shown that the median nerve is stiffer in CTS 
patients compared to healthy controls37,38. Whether there is an association between 
stiffness of the median nerve and clinical outcome needs to be further investigated.      
To summarize, up until now, dynamic ultrasound seems to have limited potential 
in predicting surgical outcome in CTS. Whether this is also the case for conservative 
treatment options such as splinting and corticosteroid injections should be further 
investigated. In addition, since we still cannot provide the optimal treatment algorithm 
for CTS, new ultrasound techniques should be topic of future studies.   

3. ULTRASOUND GUIDANCE IN THE TREATMENT OF CTS

3.1. Effectiveness of ultrasound-guided injections
Besides serving as a diagnostic tool, ultrasound can also be used to guide therapeutic 
injections.
In chapter 10 we described the effectiveness of ultrasound-guided injections compared 
to blind injections in the treatment of CTS. We found reduced odds of retreatment within 
one year for ultrasound-guided injections compared to blind injections. However, our 
study lacked a validated outcome measure, such as the symptom and function domains 
of the BCTQ. In addition, ultrasound guidance might have served as a placebo. Despite 
the limitations of our study, it was the first longitudinal study on ultrasound guidance in 
carpal tunnel injections and the results justified a clinical trial.
A recent systematic review and meta-analysis on the effectiveness of ultrasound-guided 
compared to anatomically-guided local corticosteroid included three randomized 
controlled trials (RCTs), involving a total of 181 analyzed hands40. The review suggested 
that ultrasound-guided injection was more effective than anatomically-guided injection 
in reducing symptom severity at 12 weeks post-injection. Nonetheless, the pooled 
data did not show significant differences in functional status or electrodiagnostic 
improvements between the two techniques. A limitation of all three included RCTs was 
lack of blinding. Just like our study, ultrasound guidance could have resulted in greater 
symptom severity improvement due to a placebo effect. Recently, Chen et al. performed 
a clinical trial that was not included in the described systematic review41. A strength of 
their study was that they used sham ultrasound-guidance so that patients remained 
blind to their allocation throughout the trial. They found that the ultrasound-guided 
injection group showed greater improvements in the Semmes-Weinstein Monofilament 
test, sensory nerve conduction velocity, and digit-4 comparison study (median-to-
ulnar sensory nerve distal latency difference measured at the ring finger). However, 
contrary to what the systematic review concluded, Chen et. al did not find a difference 
in symptom severity between the two groups. Nevertheless, with 22 wrists included in 
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the ultrasound group and 17 in the blind injection group, their statistical power might 
have been too low. A trial including more patients should confirm the results. 
Based on the current data we cannot conclude whether ultrasound should be used 
routinely to guide injections in CTS. Further research including larger sample sizes is 
necessary. Additionally, other potential beneficial effects of ultrasound should be taken 
into consideration. For example, ultrasound guidance can potentially lead to a decreased 
risk of median nerve and surrounding tissue damage. In addition, cost-effectiveness 
should be assessed. Makhlouf et al. found a reduction in costs for responders in the 
ultrasound-guided group relative to the blind injection group in CTS as there lies a 
reduction in costs of additional treatment42. Whether the routine use of ultrasound 
guidance leads to an overall cost reduction should be further investigated.  

3.2. Ultrasound-guided hydrodissection
While some reports have anecdotally described the use of ultrasound-guided 
hydrodissection43-45, the underlying mechanism of action has not been investigated. In 
chapter 11 we described a cadaveric study in which we have shown that ultrasound-
guided hydrodissection decreases gliding resistance within the carpal tunnel. 
However, it is too early to draw conclusions about this new technique. Firstly, our 
experiment did not include arms with CTS and due to the set-up the study cannot be 
extrapolated to the clinic directly. Nevertheless, our cadaveric study showed support 
for the theoretical mechanism of action of hydrodissection and therefore a clinical 
study assessing the effectiveness of hydrodissection seems justified. To support the 
thought that hydrodissection can break adhesions, a study in which ultrasound-guided 
hydrodissection with saline has superior effect to injecting saline just proximal from 
the carpal tunnel is necessary. In addition, the clinical safety of ultrasound-guided 
hydrodissection should be investigated. Furthermore, case selection might be important. 
Patients with more severe CTS might be more likely to benefit from hydrodissection. 
A randomized controlled trial with subject blinding, is necessary to assess whether 
ultrasound-guidance, with or without hydrodissection, is more effective compared to a 
blind injection in CTS. In addition, the optimal injection volume should be established.

Recommendations for future research

Although ultrasound-guided injections and additionally, hydrodissection have shown 
potential, we should be hesitant about implementing these new techniques. Based on 
our findings, we recommend performing well-designed randomized controlled trials 
prior to clinical implementation, since there is not enough support for the effectiveness 
of ultrasound-guided injections in reducing symptoms compared to blind injections 
and the clinical use of hydrodissection has not been investigated well.
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Carpal tunnel syndrome (CTS) is the most common peripheral neuropathy, with a 
prevalence of 1-4% of the population. Although CTS is a mononeuropathy that only 
affects a small part of the median nerve, it is a serious health problem that can result in 
decreased quality of life due to sleep disturbance and can interfere with one’s ability to 
work. The aims of this thesis were 1) to explore factors that influence treatment outcome 
in CTS, 2) to assess the prognostic role of ultrasound and 3) to assess its value to guide 
interventions in the treatment of CTS.

PART I: TREATMENT OUTCOMES OF CTS

Recommended treatment options for CTS include splinting, local steroid injection and 
carpal tunnel release (CTR). Most guidelines recommend splinting or a corticosteroid 
injection before proceeding to surgery, if axonal loss or denervation of the median 
nerve innervated muscles are absent. Nevertheless, the role of injections remains 
controversial since there is only strong evidence for short-term benefits. In addition, 
up till now, it remains difficult to predict treatment outcome for a patient with CTS. 
In chapter 2 we evaluated the reintervention rate after a corticosteroid injection for 
CTS in a population based cohort and prognostic indicators for subsequent treatment 
were identified. In the sample of 774 affected hands, with a median follow-up period of 
7.4 years, reintervention was performed in 68% of cases (N=525) with eventual CTR in 
63% of cases (N=485). The presence of rheumatoid arthritis was associated with both 
reduced rate of any retreatment (hazard ratio 0.627, 95% confidence interval: 0.404-
0.97) and reduced rate of surgery (hazard ratio 0.493, 95% confidence interval: 0.292-
0.83). Since 32% of the patients did not receive subsequent treatment after a single 
injection, the study indicated that there is a therapeutic role for corticosteroid injections 
in the treatment of CTS. In chapter 3 we looked further into the association between 
corticosteroid injection volume and the rate of subsequent intervention in CTS since 
the optimal volume of corticosteroid injections for the treatment of CTS has not yet 
been established. In this study, 856 affected hands in 651 patients were included. We 
found that 65% of the treated hands received subsequent treatment within 1 year. 
Larger injectate volume was significantly associated with reduced rate of treatment 
failure within one year. Severe electrodiagnostic results were associated with increased 
rate of failure.
The ability to determine the prognosis after CTR can help manage patient expectations 
and may consequently improve treatment satisfaction. In chapter 4 we described 
predictors for symptom relief after CTR and the contribution of these factors in predicting 
the amount of symptom relief. A cohort of 1049 patients who underwent CTR at one of 
eleven outpatient hand clinic locations (Xpert Clinic, the Netherlands) completed online 
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questionnaires at intake, three and six months postoperatively. The primary outcome 
measure was the amount of symptom relief on the Boston Carpal Tunnel Questionnaire 
(BCTQ)-score. A low score on the BCTQ at intake, a co-diagnosis of a trigger finger, ulnar 
nerve neuropathy, trapeziometacarpal joint arthrosis, and instability or arthrosis of the 
wrist were associated with smaller improvements in the BCTQ domains after a CTR at six 
months postoperatively. These factors accounted for only 35-42% of the variance on the 
BCTQ domains, indicating that other non-examined variables play a role. 
There is growing evidence that more experienced surgeons have better patient 
outcomes following a variety of surgical procedures. In chapter 5 we assessed whether 
there is an association between  surgeon volume and patient outcomes following open 
CTR. The study was based on 1345 patients, operated on by seventeen hand surgeons 
working in high volume centers. Median (interquartile range) annual surgeon volume 
was 75 (50 - 149) CTRs. We found that all hand surgeons had similar patient outcomes at 
six months after surgery and that their annual volume did not influence patient outcome.

PART II: ULTRASONOGRAPHIC ASSESSMENT OF CTS

There is expanding evidence for the added value of ultrasound in managing CTS. Thus 
far, most research focused on the cross sectional area of the median nerve. Nevertheless, 
additional to static transverse imaging, longitudinal and dynamic assessment of 
structures within the carpal tunnel have also gained interest. In CTS patients, fibrosis of 
subsynovial connective tissue (SSCT) may result in altered dynamics of the structures 
within the carpal tunnel. Assessing these alterations might influence the clinical 
diagnosis process and support treatment choice.
Longitudinal motion analysis on ultrasound images using ultrasound speckle tracking 
allows studying the (relative) motion of tendons. Nonetheless, formerly developed 
tendon displacement quantification algorithms tend to suffer from underestimation 
due to stationary background. To increase the robustness of the previously developed 
customized speckle tracking algorithm, we investigated a novel technique to reduce 
the effect of clutter and noise as described in chapter 6. Singular Value Decomposition 
filtering was used to suppress clutter and potentially improve the speckle tracking. The 
accuracy of our improved speckle tracking method was validated against a ground 
truth and compared to the accuracy of the original algorithm and to a standard 
commercial tissue tracking tool. For this comparison, the ground truth displacements 
were generated by analyzing the ultrasound recordings of six human cadaver arms. 
Inserted metal markers within the tendons were tracked and served as the ground 
truth. The mean relative displacement error with respect to the ground truth for the 
improved method was 12 ± 16.9%, which was significantly lower than for the original 
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speckle tracking (19.7 ± 20.8%) and the commercial tool (25.8 ± 18.4%). This study 
demonstrated that SVD filtering improves tendon tracking.
Since it is known that even the improved algorithm is sensitive to different ultrasound 
settings, various parameters involved in the algorithm were optimized for best tracking 
accuracy using one human cadaver arm as described in chapter 7. Parameters such 
as frame difference, number of kernels and kernel size in the region of interest and 
filtering parameters were optimized. The ground truth was again generated by tracking 
a metal marker inserted in the tendon. An overall minimum relative error of 3.2 ± 2.3% 
was observed using the improved algorithm compared to 7.4 ± 4.8% using the original 
method.
After validating our new speckle tracking technique in chapter 6 and 7, its reliability 
was tested in chapter 8. Ultrasound images of the third superficial flexor tendon 
and surrounding SSCT from sixteen healthy volunteers and twenty-two CTS patients 
were acquired during flexion-extension of the middle finger. The clips were analyzed 
using our improved speckle tracking algorithm. Both the tendon and the SSCT were 
tracked. Subsequently, a shear index (relative motion between tendon and SSCT) was 
calculated. Mean intra-class correlation coefficients (ICCs) varied between 0.73-0.95 in 
the control group and 0.66-0.98 in CTS patients. Tendon tracking (mean ICC range: 0.82-
0.95) showed higher reliability values compared to the SSCT tracking (mean ICC range: 
0.70-0.93) and the shear index (mean ICC range: 0.66-0.87). Values between the control 
and CTS groups were comparable. We concluded that SVD enhanced speckle tracking 
can reliably be used to analyze (relative) longitudinal SSCT displacement.  
In chapter 9 we explored differences in nerve dynamics after CTR and assessed the 
association with patient-reported outcome. Ultrasound and clinical data were collected 
before and three months following CTR. Both static ultrasound measurements and 
nerve mobility measurements during finger and wrist flexion in the transverse plane 
were acquired. Our primary outcomes were changes in the symptom severity and 
functional status scales of the BCTQ. A total of 85 patients were included in the study. 
Median nerve area (-1.3 mm2) and perimeter (-0.6 mm) decreased significantly after 
surgery. Displacement in dorsal direction during wrist flexion increased (0.54 mm). An 
increase in radio-ulnar displacement and higher overall nerve mobility after surgery 
during finger flexion was associated with symptom relief. A larger cross sectional nerve 
area at baseline was significantly associated with more functional improvement, but 
not with symptomatic relief. None of the baseline nerve mobility parameters showed an 
association with clinical outcome. In addition, we could not define a nerve movement 
threshold that evidently captured a subpopulation that represents either good or no 
symptomatic improvement. 
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PART III: ULTRASOUND GUIDANCE IN THE TREATMENT OF CTS

The third part of this thesis focused on the role of ultrasound in the guidance of 
interventions in CTS. Firstly, the effectiveness of ultrasound-guided injections was 
compared with blind injections in chapter 10. The study evaluated residents of Olmsted 
County, MN, USA, treated with a corticosteroid injection for CTS. The proportion of 
patients requiring retreatment; either a second injection or CTR, as well as the duration 
of retreatment-free survival between blind and ultrasound-guided injections were 
compared after controlling for confounding by indication with the use of propensity 
score matching. In the matched dataset consisting of 234 hands treated with a blind 
injection and 87 ultrasound-guided injection cases, 57% of the blind injection and 41% 
of the ultrasound-guided injection group had ‘failure’ of treatment within one year. 
Analysis of retreatment-free survival showed an adjusted hazard of retreatment in favor 
of the ultrasound-guided group (hazard ratio 0.59, 95% confidence interval: 0.37 - 0.93). 
Additionally, binary logistic analysis indicated that ultrasound guidance was associated 
with 55% reduced odds of retreatment within one year compared to blind injections 
(adjusted odds ratio 0.45; 95% confidence interval: 0.24 - 0.83). Thus, we concluded that 
ultrasound-guided injections are more effective compared to blind injections in the 
treatment of CTS.
Different techniques of ultrasound guidance in carpal tunnel injections have been 
described. Recently, ultrasound-guided hydrodissection has been proposed to treat 
(median) nerve entrapment. In chapter 11  we assessed  alterations in the biomechanics 
of the median nerve environment resulting from ultrasound-guided hydrodissection in 
a cadaveric model. Twelve human cadaver hands were used of which 6 were treated 
with hydrodissection and 6 were used as controls. In the hydrodissection group there 
was a significant reduction in mean peak gliding resistance of  21.4% ± 10.5% between 
baseline and post-hydrodissection. We did not find a reduction in mean peak gliding 
resistance between baseline and the second cycle in the control group. The results 
indicate that hydrodissection can decrease the gliding resistance of the median nerve 
within the carpal tunnel in cadaveric wrists unaffected by CTS. We therefore concluded 
that a clinical trial of hydrodissection is justified.

The final chapter (12) provided a general discussion including future research 
perspectives. Tunnel vision in CTS research should be avoided, since it remains difficult 
to predict treatment outcome and there is need for better understanding of formerly 
unknown prognostic variables such as psychological factors and patient expectations. 
Future studies will ultimately develop a multivariable model to help guide decision-
making in the management of CTS. The added value of tunnel vision using ultrasound 
(both statically and dynamically acquired in different views) in such a model should be 
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further investigated. In addition, we provided evidence for the usefulness of ultrasound 
in the guidance of interventions in CTS, which should be further investigated in a well-
designed clinical trial.
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Carpaletunnelsyndroom (CTS) is de meest voorkomende perifere neuropathie met 
een prevalentie van 1-4%. Alhoewel CTS een mononeuropathie is die alleen een klein 
deel van de nervus medianus betreft, is het een serieus gezondheidsprobleem dat kan 
resulteren in een verminderde kwaliteit van leven door verstoring van de slaap en het 
interfereren met het vermogen om te kunnen werken. Het doel van dit proefschrift 
was om factoren die de behandelingsuitkomst van CTS beïnvloeden, te onderzoeken. 
Daarnaast werden zowel de prognostische waarde van echografisch onderzoek als de rol 
van echografie bij de geleiding van interventies in de behandeling van CTS onderzocht.

DEEL I: BEHANDELINGSUITKOMST VAN CTS

Zowel conservatieve therapie (spalk immobilisatie en corticosteroïd-injectie) als release 
van de carpale tunnel (CTR) zijn aanbevolen behandelingsopties voor CTS. Alhoewel 
axonale degeneratie of denervatie van de door nervus medianus geïnnerveerde spieren 
chirurgie rechtvaardigden, raden de meeste richtlijnen conservatieve therapie aan 
alvorens chirurgisch in te grijpen. Echter, de rol van injecties in de behandeling van CTS 
is controversieel, omdat er alleen sterk bewijs voor het kortetermijneffect is. Bovendien 
is het tot op heden lastig om de behandelingsuitkomst voor een patiënt met CTS te 
voorspellen.
In hoofdstuk 2 werd het aantal herinterventies na een corticosteroïd-injectie voor 
CTS geëvalueerd en werden voorspellende factoren voor aanvullende behandeling 
geïdentificeerd. In de sample van 774 aangedane handen, met een mediane follow-up 
van 7.4 jaar, werd in 68% van de gevallen een herinterventie uitgevoerd en resulteerde 
63% in een CTR. Het hebben van reumatoïde artritis was geassocieerd met een 
verminderd aantal totale herinterventies (hazard ratio 0.627, confidence interval: 0.404-
0.97]) en een verminderd aantal CTR’s (hazard ratio 0.493, confidence interval: 0.292-
0.83). Aangezien 32% van de patiënten geen aanvullende behandeling kreeg na de 
initiële injectie, suggereert de studie dat er een therapeutische rol is voor corticosteroïd-
injecties in de behandeling van CTS.
In hoofdstuk 3 onderzochten we de associatie tussen het volume van de corticosteroïd-
injectie en het aantal herinterventies, omdat het optimale volume van een steroïdinjectie 
in de behandeling van CTS nog niet is vastgesteld. In deze studie werden 856 aangedane 
handen in 651 patiënten geïncludeerd. In deze sample had 65% een aanvullende 
behandeling binnen één jaar. Een hoger volume injectie was geassocieerd met een 
afgenomen aantal herinterventies binnen één jaar. Een ‘slechte’ electrodiagnostische 
studie was geassocieerd met een toegenomen aantal herinterventies.
Het vermogen om de prognose na een CTR in te schatten, kan helpen om verwachtingen 
van patiënten te sturen en zou kunnen leiden tot een hogere patiënttevredenheid.
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In hoofdstuk 4 werden voorspellers van symptoomverlichting na een CTR en de 
bijdrage van deze factoren in het voorspellen van de mate van symptoomverlichting 
beschreven. Een cohort van 1049 patiënten die een CTR ondergingen in een van de elf 
handklinieken (Xpert Clinics, Nederland) vulden online vragenlijsten in op intake, drie  
en zes maanden postoperatief. De mate van symptoomverlichting op de Boston Carpal 
Tunnel Questionnaire (BCTQ)-score was de primaire uitkomstmaat. Een lage score op 
de BCTQ op intake, een co-diagnose van trigger vinger, nervus ulnaris neuropathie, 
carpometacarpale-1 artrose en instabiliteit of artrose van de pols waren geassocieerd 
met een kleinere verbetering in de BCTQ-domeinen na zes maanden postoperatief. 
Deze factoren verklaarden 35-42% van de variantie in de behandelingsuitkomst tussen 
patiënten. Dit suggereert dat andere factoren die hier niet zijn onderzocht, een rol 
spelen.
Er is toenemend bewijs dat meer ervaren chirurgen betere behandelingsresultaten 
hebben binnen een verscheidenheid aan procedures. In hoofdstuk 5 is onderzocht of er 
een associatie is tussen chirurgisch volume en behandelingsuitkomst op zes maanden 
na een CTR. De studie was gebaseerd op 1345 patiënten, geopereerd door zeventien 
handchirurgen die allen werken in hoog-volume klinieken. Het mediane (interquartile 
range) jaarlijks chirurgisch volume was 75 (50 – 149) CTR’s. Alle handchirurgen hadden 
vergelijkbare behandelingsresultaten en hun jaarlijks chirurgisch volume beïnvloedde 
de behandelingsuitkomst niet.           

DEEL II: ECHOGRAFISCH ONDERZOEK BIJ CTS

Er is toenemend bewijs voor de toegevoegde waarde van echografie in de diagnostiek van 
CTS. Het meeste onderzoek heeft zich hierbij op de oppervlakte van de dwarsdoorsnede 
van nervus medianus gericht. Echter, naast statische transversale beeldvorming zijn ook 
longitudinale en dynamische evaluatie van de structuren in de carpale tunnel meer in 
de aandacht komen te staan. In patiënten met CTS kan fibrose van het subsynoviale 
bindweefsel (SSCT) resulteren in een veranderde dynamiek van structuren in de 
carpale tunnel. Het meten van deze veranderingen kan mogelijk het diagnoseproces 
beïnvloeden en de keuze voor een bepaalde behandeling ondersteunen. 
Door middel van longitudinale bewegingsanalyse met behulp van speckle tracking van 
echobeelden kan de (relatieve) excursie van pezen worden onderzocht. Echter, eerder 
ontwikkelde algoritmes om peesexcursie te kwantificeren worden beïnvloed door 
statische achtergrondsignalen. De peesexcursie kan hierdoor worden onderschat. Om de 
robuustheid van het originele speckle tracking algoritme te verbeteren, werd een nieuwe 
techniek die het effect van ruis en clutter kan verminderden onderzocht (hoofdstuk 
6). Singular Value Decomposition filtering werd gebruikt om clutter te onderdrukken 
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en zodoende de speckle tracking resultaten te verbeteren. De nauwkeurigheid van 
de vernieuwde speckle tracking methode werd gevalideerd door middel van een 
vergelijking met een ground truth. De vernieuwde tracking werd tevens vergeleken 
met de nauwkeurigheid van het originele algoritme en met standaard commerciële 
weefsel-tracking software. De ground truth-excursies werden gegenereerd door het 
analyseren van de echobeelden van zes menselijke kadaverarmen. Metalen markers die 
in de pezen werden geplaatst, werden getrackt en dienden als de ground truth-meting. 
De gemiddelde relatieve meetfout in verhouding tot de ‘ground truth’ was 12 ± 16.9% 
voor de vernieuwde methode en significant lager dan voor het originele algoritme (19.7 
± 20.8%) en voor de commerciële tool (25.8 ± 18.4%). Deze studie laat zien dat Singular 
Value Decomposition filtering tracking van peesexcursies verbetert.
Aangezien het bekend is dat zelfs het vernieuwde algoritme gevoelig is voor 
verschillende echosettings, werden verscheidene parameters betrokken bij het 
algoritme geoptimaliseerd voor de meest nauwkeurige tracking. Hiervoor werd één 
menselijke kadaverarm gebruikt (hoofdstuk 7). Parameters zoals frame difference, 
aantal kernels en kernelgrootte in de region of interest en filtering parameters werden 
geoptimaliseerd. De ‘ground truth’ werd opnieuw gegenereerd door het tracken van 
een metalen marker in de pees. Een overall minimale relatieve meetfout van 3.2± 2.3% 
werd gevonden voor het vernieuwde algoritme vergeleken met 7.4± 4.8% voor de 
originele tracking methode.
Na het valideren van de verbeterde speckle tracking-techniek in hoofdstuk 6 en 7, 
werden de test-hertest en intra- en interbeoordeelaarsbetrouwbaarheid getoetst in 
hoofdstuk 8. Echobeelden van de oppervlakkige buigpees van de middelvinger en 
omliggende SSCT van 16 gezonde vrijwilligers en 22 CTS-patiënten werden opgenomen 
gedurende flexie-extensie van de middelvinger. De echobeelden werden geanalyseerd 
met behulp van het verbeterde speckle tracking-algoritme. Zowel de pees als de SSCT 
werden getrackt. Vervolgens werd een shear index (relatieve verplaatsing tussen de 
pees en de SSCT) berekend. De gemiddelde intra-class correlatie coëfficiënten (ICC’s) 
varieerden tussen 0.73-0.95 in de controlegroep en 0.66-0.98 in CTS patiënten. Tracking 
van pezen (gemiddelde ICC range: 0.82-0.95) toonde een hogere betrouwbaarheid 
vergeleken met tracking van de SSCT (gemiddelde ICC range: 0.70-0.93) en shear index 
(gemiddelde ICC range: 0.66-0.87). De betrouwbaarheid tussen de controle en CTS-
groep was vergelijkbaar. We concludeerden dat speckle tracking met Singular Value 
Decomposition betrouwbaar de (relatieve) longitudinale SSCT excursie kan analyseren.  
In hoofdstuk 9 werden de verschillen in dynamiek van de nervus medianus voor en na 
een CTR geëvalueerd en onderzochten we de associatie met patient-reported outcomes. 
Echobeelden en klinische data werden verzameld voor en drie maanden na chirurgie. Er 
werden zowel statische echobeelden opgenomen voor het evalueren van de morfologie 
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van de zenuw als dynamische beelden voor het in kaart brengen van zenuwmobiliteit 
gedurende de vinger- en polsflexie. De primaire uitkomstmaten waren veranderingen 
in de twee domeinen (symptomen en functionaliteit) van de BCTQ. In totaal werden er 
85 patiënten geïncludeerd in de studie. De mediane oppervlakte van de zenuw (-1.3 
mm2) en de perimeter (-0.6 mm) verminderden significant na chirurgie. De excursie in 
de dorsale richting nam toe (0.54mm) tijdens polsflexie. Een toename van de excursie 
in de radio-ulnaire richting en een hogere overall zenuwmobiliteit na chirurgie tijdens 
vingerflexie waren geassocieerd met symptoomverlichting. Een grotere dwarsoppervlak 
van de zenuw was geassocieerd met meer functionele verbetering, maar niet met 
symptoomverlichting. Geen van de baseline zenuwmobiliteit-parameters toonde een 
associatie met patient reported outcome. Daarnaast konden we geen drempelwaarde 
van de zenuwexcursie definiëren op basis waarvan een subpopulatie kon worden 
onderscheiden die een goede dan wel een minder goede uitkomst representeerde.

DEEL III: ECHOGELEIDING IN DE BEHANDELING VAN CTS

Het derde deel van dit proefschrift richt zich op de rol van echogeleiding van interventies 
in CTS.
Eerst werd de effectiviteit van echogeleide injecties vergeleken met ‘blinde’ injecties in 
hoofdstuk 10. In de studie werden inwoners van Olmsted County, MN, VS, die waren 
behandeld met een corticosteroïd-injectie voor CTS geëvalueerd. Zowel het percentage 
van de patiënten dat een herinterventie onderging (dan wel een tweede injectie, dan wel 
een CTR) als de duur van het herinterventie-vrije interval  tussen ‘blinde’ en echogeleide 
injecties, werden vergeleken na het controleren van confounders door het gebruik van 
propensity score matching. In de matched dataset van 234 handen behandeld met 
een ‘blinde’ injectie en 87 echogeleide injecties, had 57% van de ‘blinde’ injecties en 
41% van de echogeleide injectiegroep een herinterventie binnen 1 jaar. Analyse van 
het herinterventie-vrije interval toonde een adjusted hazard van herinterventie in 
het voordeel van de echogeleide groep (hazard ratio 0.59, 95% confidence interval: 
0.37 - 0.93). Daarnaast toonde binaire logistische regressie dat echogeleiding was 
geassocieerd met 55% verminderde kans op een herinterventie binnen één jaar 
vergeleken met ‘blinde’ injecties (adjusted odds ratio 0.45; 95% confidence interval: 0.24 
- 0.83). We concludeerden dan ook dat echogeleide injecties effectiever zijn dan ‘blinde’ 
injecties in de behandeling van CTS.
Verschillende technieken van echogeleiding injecties in CTS zijn beschreven. 
Echogeleide hydrodissectie is een recent aangedragen techniek om zenuwbeknelling 
te behandelen.
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In hoofdstuk 11 werden veranderingen in de biomechanica van de nervus medianus 
als resultaat van echogeleide hydrodissectie onderzocht in een kadavermodel. Twaalf 
menselijke kadaverarmen werden gebruikt, waarvan zes werden behandeld met 
hydrodissectie en zes werden gebruikt als controles. In de hydrodissectiegroep was 
er een significante reductie in gemiddelde peak gliding resistance van 21.4% ± 10.5% 
tussen baseline en posthydrodissectie. We constateerden dat er geen reductie was 
van de gemiddelde peak gliding resistance tussen baseline en de tweede cyclus in de 
controlegroep. Dit resultaat suggereert dat hydrodissectie de gliding resistance van de 
nervus medianus in de carpale tunnel in een niet-aangedane kadaverpols kan verlagen. 
Op basis hiervan concludeerden wij dat een klinische trial voor het onderzoeken van 
het effect van hydrodissectie gerechtvaardigd is.

Het laatste hoofdstuk (12) is een algemene discussie en bevat toekomstige 
onderzoeksperspectieven.
Tunnelvisie in onderzoek naar CTS zou moeten worden vermeden, omdat het voorspellen 
van de behandelingsuitkomst moeilijk blijft en we eerder onbekende prognostische 
variabelen, zoals psychologische factoren en verwachtingen van de patiënt, eerst beter 
moeten begrijpen. Toekomstige studies zouden idealiter een multivariabel model 
ontwikkelen om besluitvorming in de management van CTS te kunnen ondersteunen. 
De toegevoegde waarde van tunnelvisie door middel van echografie (zowel statisch 
als dynamisch in verschillende vlakken) in zo’n model moet verder worden onderzocht. 
Daarnaast hebben we bewijs voor de potentie van echogeleide interventies in CTS 
aangedragen, welke verder moet worden onderzocht in een klinische trial. 
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Chirurgen en arts-assistenten uit het Franciscus, wat was de skivakantie een mooi begin 
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dan niet samen met onze mannen, nog mee gaan maken. Te beginnen met Flachau 2.0!      
 
Lieve Jo en Louk, dank voor jullie interesse in mijn promotie en opleiding. Weekendjes 
Nijmegen (met of zonder pilates) voelen als mini-vakanties!  
 
Lieve oma, dank voor uw betrokkenheid en interesse in ons. Ik kan me geen scherpere 
oma voorstellen dan u; ik geloof zelfs dat u eerder Instagram had dan ik. Alhoewel het 
niet de spannende literatuur is die u normaal leest, kijk ik er wel naar uit om u dit boekje 
te geven. 
 
Lieve oom Evert en tante Inge, dank voor jullie interesse, warmte, meedenken en het 
feit dat Lindy en ik altijd bij jullie terecht kunnen. Ik verheug me op alle Evers-events die 
nog komen gaan. 

Lieve tante Nini, jij bent voor Lindy en mij een rots in de branding. Je bent dapper, een 
voorbeeld! Weekenden Zwolle voelen als thuiskomen.
 
Lieve Lin, dank voor jouw eeuwige vertrouwen. Ik ben ongelooflijk trots op jou en 
kan me geen betere zus wensen. Warme herinneringen heb ik aan jouw bezoek aan 
Minnesota. Ik kijk uit naar alle reisjes die wij nog samen gaan maken!

Tot slot, lieve Thomas, mijn dankwoord aan jou. Van Amsterdam tot Minnesota en van 
Brazilië tot Montreal, het maakt niet uit waar wij ons op de wereld bevinden, jij zorgt 
voor de muziekjes, quizjes, stabiliteit, je maakt mij aan het lachen en geeft mij het 
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