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ffects of Prolonged Wrist Flexion on Transmission of Sensory
nformation in Carpal Tunnel Syndrome

ichard F. Sesek,* Mehdi Khalighi,* Donald S. Bloswick,* Mark Anderson,† and
obert P. Tuckett††

Department of Mechanical Engineering, University of Utah, Salt Lake City, Utah.
Workcare Clinic, Salt Lake City, Utah.
†Department of Physiology, University of Utah, Salt Lake City, Utah.

Abstract: Carpal tunnel syndrome presents a constellation of symptoms which include discomfort
(eg, pain, paraesthesia) and diminished sense of touch. This exploratory study simultaneously mea-
sured changes in tactile threshold and discomfort ratings during prolonged wrist flexion in symp-
tomatic patients from a rehabilitation clinic and from a control population. Prolonged (15 min) wrist
flexion significantly increased tactile threshold and discomfort ratings above baseline levels in both
symptomatic and control populations. Sixty-two percent of the symptomatic sample was found to
have abnormal conduction latency. Tactile threshold in symptomatic subjects with normal conduction
latency (n � 13) did not differ significantly from control subjects (n � 36) at baseline but showed
significant elevation during wrist flexion. In contrast, subjects with abnormal conduction latency (n �

21) exhibited significant elevation relative to control subjects at baseline and throughout wrist
flexion as well as a slower recovery after flexion. Conduction latency correlated with baseline (r � .52,
P < .0001) and 15-min (r � .67, P < .0001) tactile threshold for the entire subject population, as well
as 15-min threshold (r � .53, P � .013) for the subpopulation with abnormal conduction latency. At
2.5 min after flexion, correlation was significant for whole (r � .64, P < .0001) and abnormal conduction
latency (r � .58, P � .0063) samples. Regression slope of tactile threshold versus conduction latency was
significantly greater than zero and did not differ significantly from linearity. The study demonstrates that
increases in mechanosensory threshold and discomfort ratings during prolonged wrist flexion are more
profound (and recovery less rapid) in patients with electrophysiologic evidence of injury.
Perspective: This study demonstrates a provocative procedure that enhances the symptoms of
carpal tunnel syndrome. This measure may help clinicians discriminate median nerve compression from
other types of peripheral nerve injury and help researchers investigate the impact of mechanical stress,
tissue compression, and vascular stasis on compression-related neuropathy.

© 2007 by the American Pain Society
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arpal tunnel syndrome results from median nerve
entrapment at the level of the wrist and is the most
frequently encountered compressive neuropathy

n clinical practice. When confirmed by electrophysi-
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logic assessment, its prevalence is about 3% among
omen and 2% among men.2

Symptomatic carpal tunnel syndrome can be defined
n the basis of “primary” and “secondary” symp-
oms,48,64 with primary symptoms being numbness, tin-
ling, and nocturnal complaints and secondary symp-
oms being pain, weakness, and clumsiness. Primary
ymptoms are considered more specific to nerve injury,
nd secondary symptoms are more reflective of soft tis-
ue and other musculoskeletal disorders. Generally, car-
al tunnel syndrome worsens with time and can be cor-
elated to histopathologic and pathophysiologic degrees
f nerve injury.21,55,36,8,44,43,47 First-degree injury in-

olves nerve slowing due to conduction block and possi-
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138 Prolonged Wrist Flexion
ly focal demyelination (without axonal injury) which
eads to full recovery. The majority of carpal tunnel pa-
ients fall into this category.43 Second-degree injury in-
olves axonal injury, thus requiring some degree of
erve regeneration with the potential for full recovery.

n third-degree injury, nerve function is permanently di-
inished and degree of recovery is dependent on the

mount of scar tissue formation. This would correspond
o severe carpal tunnel syndrome. Fourth- and fifth-de-
ree injuries involve severe scar tissue formation or tran-
ection, respectively, with expectation of irreversible dys-
unction.
Magnetic resonance imaging has increased our under-

tanding of carpal tunnel configuration during wrist
ovement.8,36 In flexion, the tunnel’s cross-sectional

rea decreases (ie, flattens) and the distance between
he proximal edge of the transverse carpal ligament and
he distal radius decreases.47 In addition, because the
edian nerve is located between the flexor tendons and

arpal ligament, increase in tendon tension is thought to
ncrease pressure on the nerve during flexion.14 De-
reased cross-sectional area increases interstitial pres-
ure. For example, with the wrist in neutral position, nor-
al carpal tunnel pressure is approximately 2.5 mm Hg,

nd it increases to about 30 mm Hg with maximum flex-
on.20 At this pressure epineural blood flow decreases.53

bove 30 mm Hg, axon transport is impaired and sub-
ects report mild paresthesias.16 In carpal tunnel patients,
verage pressure with the wrist in neutral position is
bout 32 mm Hg.20 At sustained pressures, the effects on
edian nerve function become more deleterious, includ-

ng epineural edema, axon transport block, intraneural
schemia, and endoneural edema.23,54

Elevated carpal tunnel pressure increases sensory
hreshold of fingertips innervated by the median nerve
ia suppression of action potential transmission.22,56 In-
reased threshold is likely due to conduction blockade in
he carpal tunnel27 or to increased action potential dis-
ersion (due to conduction slowing) which reduces
ostsynaptic potential amplitude and thereby efficacy of
ynaptic transmission. Because most arteries that perfuse
he palm and fingers bypass the carpal tunnel, an acute
ncrease in carpal tunnel pressure is unlikely to alter cu-
aneous receptor perfusion and therefore mechanore-
eptor response is likely to remain normal.
Basing carpal tunnel syndrome diagnosis solely on

igns and symptoms can lower reliability, because other
isorders such as tendonitis and cervical radiculopathy
ay present similarly. Quantitative electrophysiologic or

ensory testing can confirm the clinical diagnosis; how-
ver, psychophysical evaluation with the wrist in a neu-
ral position is not specific for carpal tunnel syndrome,
ecause nerve injury could be due to varied causes (eg,
iabetes or cervical radiculopathy). In contrast, differen-
ially comparing threshold before and during a provoca-
ion that increases carpal tunnel pressure has been hy-
othesized to increase sensory evaluation specificity.6,24

Our experimental approach was to explore in greater
etail than previous studies change in discomfort and

actile threshold during prolonged wrist flexion by com- c
aring a symptomatic carpal tunnel syndrome sample to
nonsymptomatic control. Our hypothesis was that the

ymptomatic sample would show significantly greater
hift in threshold and discomfort from baseline level
han the control. During analysis, the symptomatic pop-
lation was parsed into subsets with normal and abnor-
al conduction latency to analyze the relationship be-

ween baseline latency and shifts in tactile threshold and
iscomfort during provocation. In addition, tactile
hreshold on the middle finger (median nerve distribu-
ion) was compared to the little finger (ulnar distribu-
ion) and to the palmar branch of the median nerve in
ontrol and patient populations.

aterials and Methods
This study was approved by the Institutional Review
oard at the University of Utah, and an informed consent
orm was provided for each subject. Subjects had to read
nd sign the consent form before participating in the
xperiment. A control sample was recruited from stu-
ents at the University of Utah. All but 1 control subject
ad negative nerve conduction latency (see below). All
ad no history of peripheral neuropathy and no prior

njury to the hand or wrist. Patients entering a rehabili-
ation clinic were selected based on physician assessment
f their presenting symptoms as well as medical and
ork histories. Conduction velocity measurement was
ot used for inclusion in the patient population. There-
ore, the basis for inclusion was presentation with wrist-
elated symptomatology.
Data were collected in a standardized sequence: ques-

ionnaire, clinical signs (Phalen and Tinel), nerve conduc-
ion latency, and tactile threshold before, during, and
fter prolonged wrist flexion. The questionnaire in-
luded anthropometric and demographic data such as
ender, age, height, weight, and hand dominance, as
ell as ratings of past and present discomfort while
wake and asleep. Subjects estimated their hand discom-
ort on a 0 to 10 visual analog scale (VAS, 0 � no discom-
ort, 10 � maximum imaginable discomfort). Phalen9,39

nd Tinel9,18,39 tests were conducted for all subjects us-
ng the 0 to 10 discomfort rating scale. Nerve conduction
atency (NCL) was measured (NervePace model 200-VS;
euMed, Pennington, NJ) from a point just proximal to

he wrist to the digital nerve of the middle finger42 (con-
uction distance, 14 cm). To minimize temperature-re-

ated changes in conduction latency,15,37 skin tempera-
ure was maintained above 29°C. The criterion for a
ositive NCL test was nerve conduction latency greater
han 310 �s, as defined by the manufacturer.
The vibrometer probe (flat, 1.0 mm diameter) was con-
ected to a DC spring-mounted motor (model V2, beryl-

ium copper suspension; Gearing & Watson, East Sussex,
K). A probe-mounted LED radiated light (.1 mm diam-
ter beam) onto a position detector (.1 �m resolution,
odel S-3931-01; Hamamatsu, Bridgewater, NJ) to pro-

uce a voltage proportional to probe position. Probe
xcursion was controlled with DC negative feedback cir-

uitry, and displacement was independently calibrated
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sing a micromanipulator (model SM-15M; Narishige,
okyo, Japan; calibration verified relative to the Na-
ional Bureau of Standards, Stabro Laboratories, Salt
ake City, UT). Timing and amplitude of vibrometer
ovement were controlled by PC software (DOS operat-

ng system, C�� code) which generated the stimulus
aveforms (D-to-A converter, 12-bit resolution). To con-

rol skin/probe indentation, the cutaneous surface rested
n a flat “firm surround,” and the vibrometer probe ex-

ted the center of the surround with an initial 100 �m
power off) offset. At the start of stimulation, the com-
uter advanced the probe an additional 200 �m and
hen vibrated around this set point to maintain constant
rm contact with the skin. At the start of the experiment,
he software performed a calibration check by exciting
he vibrometer with standard voltage waveforms (DC, 50
z) and sampling (A-D converter, 12-bit resolution, 5
Hz) the voltage signal from the displacement monitor.
f peak-to-peak excursions varied by more than .5% from
he preset maximum calibrated excursion, an error mes-
age was signaled. This research vibrometer is not com-
ercially available.
The vibrometer stimulus interface was based on previ-
us experimentation.28,29 In single-unit animal record-

ngs a variety of probe shapes were tested to determine
hich most reproducibly activated a variety of cutaneous
echanoreceptor afferent receptors. A flat monofila-
ent-sized probe was found to provide consistent acti-

ation of a variety of mechanoreceptors when quantify-
ng threshold activation using a series of stimulus
aveforms.58,59 From human psychophysical experi-
ents, we have concluded that depth of cutaneous in-
entation may be encoded by relative displacement, ie,
robe indentation relative to surrounding skin11,10,45;
herefore the vibrometer interface includes a firm sur-
ound such that probe indentation relative to surround-
ng skin is constantly maintained. Experiments by oth-
rs32 suggest that the type I slowly adapting receptor
unctions as an edge detector; therefore, our small flat
robe, centered on the densely innervated finger tip,
ay be an optimal interface for this slowly adapting neu-

on. The stimulus frequency of 50 Hz was not chosen for
ctivation of a specific sensory neuron: At this time, it is
nknown which sensory channel is most likely to be most
ompromised in carpal tunnel syndrome. Hence, the
trategy for these initial experiments was to target both
he slowly adapting receptors and the type I rapidly
dapting receptor (Meisner corpuscle) channels by stim-
lating at a frequency higher than their range of optimal
esponse.
The vibrometer probe was positioned to avoid calluses
r scars. The subject was instructed to rest the finger
ently on the firm surround and push the event button
ach time a tactile sensation was felt in the area of stim-
lation.31,60 To maintain constant contact between the
robe and finger during wrist flexion, subjects were in-
tructed to maintain a constant position and pressure on
he probe throughout the test procedure; in addition the
xperimenter observed that finger position relative to

he circular firm surround did not shift during the wrist .
exion procedure and ensured that the arm and wrist
ere comfortable and supported during the test.
Before the test, a demonstration run verified the sub-

ect’s understanding of the procedure. Sensory threshold
as measured using a simple staircase procedure (ie, up-
own method19,41,33) in which each correct response

ead to a decrease in stimulus amplitude and each incor-
ect response caused an increase. Stimulus amplitude be-
an above normal threshold, and stimuli were random-

zed in time between 4 and 7 s. The subject pushed an
vent button each time a vibration was sensed. If the
ubject pushed the event button within 2 s after the start
f the .5-s, 50-Hz stimulus, vibration amplitude on the
ext trial decreased. If the subject pushed the button
utside this 2-s time interval, twice during a stimulus
ycle, or did not push the button, the stimulus amplitude
ncreased on the next stimulus cycle. For the first 7 trials,
he stimulus changed in 25% increments, thereafter in
0% increments. The test ended after stimulus ampli-
ude had decreased below, and increased above, sensory
hreshold for 2 complete cycles. The computer stored the
mplitude of each stimulus, and the 2-cycle average of
eversal points was defined as threshold.
The stimulus trial contained 3 components: baseline,
exion, and recovery. At baseline, tactile threshold was
easured in the order of little finger, lateral palm, and
iddle finger, as well as an initial discomfort rating. Sub-

ects were instructed to flex their wrist in maximum vol-
ntary unforced flexion with the middle finger remain-

ng on the stimulus probe.42 At the end of 2.5 min, tactile
hreshold and discomfort estimates were obtained. This
equence was repeated at 2.5-min intervals for 15 min.
ollowing the 15-min flexion, subjects were instructed to
emove their hand from the vibrometer and to relieve
he stress produced by the flexion posture for 1 min as
hey saw fit (eg, shake, massage, relax their hand and
rist). After this 1-min recovery period, tactile threshold
n the middle finger was remeasured with the wrist in
eutral position, a discomfort rating was obtained, and
hen little finger and lateral palm thresholds were re-
easured. Because approximately 90 s was usually re-

uired to perform the iterative vibrometry measurement
see above), the final middle finger measurement (“Re-
overy”) ended approximately 2.5 min after the 15-min
rist flexion measurement. Median nerve sensory con-
uction latency was measured (see above) after the vi-
rometric measurements.
As shown in Fig 1, a population of control subjects
nrelated to the subjects of this study were sampled on
heir nondominant hand to obtain tactile threshold val-
es for age correction (mean age 40.2 � 1.2 years, range
0-79 years). These control subjects had no history of
rist trauma, upper-extremity repetitive motion injury,
r peripheral sensory neuropathy. In accord with previ-
us studies using a vibrometer of similar probe interface
nd stimulus algorithm,28,29,31,60 there was a linear rela-
ionship between age and tactile threshold.29 Mean
hreshold was 6.6 � .26 �m (n � 105, regression line
lope .085, standard error .020; 95% confidence interval

046-.12). Y-intercept was 3.2 (standard error .82; 95%
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140 Prolonged Wrist Flexion
onfidence interval 1.6-4.9). Correlation coefficient (r)
as .394. The slope differed significantly from zero (P �

0001), and the regression line did not differ significantly
rom linearity (P � .798). Because mean control sample
ge was approximately 10 years less than the symptom-
tic sample (26.3 and 37.0 years, respectively), values
rom the linear regression equation (Fig 1) were used as
n age-correction factor and subtracted from measured
hreshold values in the analysis below.

ata Analysis
Subjects were divided into 3 groups. The symptomatic

ample being treated for carpal tunnel syndrome was
ecruited from a local occupational medicine clinic and
ivided into 2 groups. One symptomatic sample was pa-
ients with symptoms of carpal tunnel syndrome but
egative nerve conduction latency NCL (NCL�, latency
310 �s). The second symptomatic sample was patients
ho had symptoms of carpal tunnel syndrome and pos-

tive NCL (NCL�, latency �310 �s). Data were tabulated
Excel 97 SR-1; Microsoft, Redmond, WA), and analyses
or central tendency were performed using SAS JMPIN v
.0 (SAS Institute, Cary, NC). Linear regression was calcu-
ated including probability that the slope differs from
ero and from linearity (Instat v 3.05; GraphPad Soft-
are, San Diego, CA) as well as Pearson (r) correlation
ith runs test to look for departure from gaussian distri-
ution; in which case Spearman correlation was calcu-

ated. Unless otherwise stated, significance level was P �
05, 2 tail. Plots were generated (Origin v 5.0; Microcal
oftware, Northampton, MA; Adobe Illustrator v 8.0,
dobe Systems, San Jose, CA) and results presented as
ean � SEM.

esults
This study included 68 adult subjects (70 individual
ands). Control subjects (n � 36, 36 hands, mean age 26.3

igure 1. Changes in tactile threshold with age in control sub-
ects without symptoms of carpal tunnel syndrome, wrist injury,
r other peripheral neuropathy.
ears, range 18-52 years) had no history of carpal tunnel w
yndrome symptoms or severe injury to the hand or wrist.
ll control subjects except 1 had negative NCL. On the
asis of median NCL (see Materials and Methods), symp-
omatic subjects (n � 34, mean age 37.0 years, range
9-60 years) were divided into positive (NCL�) and neg-
tive (NCL�) subpopulations. There were 21 NCL� hands
n 20 subjects, 19 with nocturnal symptoms (ie, pain and
araesthesia). There were 13 NCL� hands in 13 subjects,
0 with nocturnal symptoms. Because this was an explor-
tory study,3,4,5,7,12,13,28,29 both hands of 2 patients were
ncluded, one being NCL� bilaterally and the other be-
ng NCL� on one hand and NCL� on the other hand. The
timulus sequence is described in Materials and Methods.

rist Flexion–Induced Changes in Tactile
hreshold

ontrol vs Symptomatic Subjects
For the control population, multiple comparison of

ge-corrected (see Methods and Materials) tactile
hreshold for baseline (�1.1 � .3 �m), 2.5 min (1.1 � .4
m), 5 min (2.0 � .5 �m), 7.5 min (2.6 � .7 �m), 10 min

3.1 � .7 �m), 12.5 min (3.6 � .8 �m), and 15 min (4.7 �
.1 �m) flexion, and post-flexion recovery (.9 � .7 �m)
iffered significantly (P � .0001, repeated measures
NOVA). As shown in Table 1, all paired comparisons
ith baseline showed significant increase in tactile

hreshold during flexion and recovery. As illustrated in
ig 2, threshold increased monotonically to a peak
hange of 5.8 �m at 15 min. Threshold dropped signifi-
antly between the 15-min and post-flexion recovery
valuations (�3.8 �m, P � .0001, paired t test).
For symptomatic subjects, multiple comparison of age-

orrected baseline (1.7 � .8 �m), 2.5 min (5.4 � 1.2 �m),
min (7.5 � 1.4 �m), 7.5 min (10.2 � 1.8 �m), 10 min

14.4 � 2.9 �m), 12.5 min (17.1 � 3.2 �m), and 15 min
23.9 � 5.0 �m) flexion, and post-flexion recovery (7.9 �
.6 �m) tactile threshold was significantly different (P �
0001, repeated measures ANOVA). As shown in Table 1,
ll paired comparisons in the symptomatic sample
howed significant increases from baseline. During flex-
on, the greatest incremental increase in threshold oc-
urred between 12.5- and 15-min evaluations (6.8 �m,
1% of total change, P � .0023, paired t test). Threshold
ropped significantly (�16.0 �m, P � .0004, paired t test)
etween the 15-min and post-flexion recovery evalua-
ions.
As illustrated in Table 2, tactile threshold for symptom-

tic subjects was significantly greater than control sub-
ects for all evaluations. The difference between control
nd symptomatic tactile thresholds increased continually
hroughout the flexion procedure, with the greatest di-
ergence occurring at the 15-min interval (19.3 �m; Ta-
le 2). The divergence in tactile threshold for symptom-
tic relative to control subjects dropped �12.2 �m
etween the 15-min and post-flexion observations.

onduction Latency
Antidromic sensory NCL measured at the level of the

rist on the control (248 � 57 �s) and symptomatic (346
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141ORIGINAL REPORT/Sesek et al
181 �s) populations differed significantly (P � .0001, t
est). Based on a cutoff for abnormality of 310 �s (see
aterials and Methods), symptomatic subjects were di-

ided into 2 groups: an NCL� sample with latencies
reater than, and an NCL� sample with latencies less
han or equal to, normal limits. Control (248 � 57 �s),

igure 2. Tactile threshold during prolonged wrist flexion. (A)
ymptomatic (Sym) and control (Con) samples. (B) Positive
NCL�) and negative (NCL�) conduction latency and control.
ime: 0.0 min, baseline; 2.5-15 min, flexion; 17.5 min, recovery.

able 1. Change in Tactile Threshold Relative t

TIME (MIN)

CONTROL SYMPTOMAT

DIFFERENCE

(�M, M � SEM) P*
DIFFERENCE

(�M, M � SEM)

2.5 2.1 � .4 �.0001 3.7 � .9
5.0 3.0 � .5 �.0001 5.9 � 1.0
7.5 3.7 � .7 �.0001 8.3 � 1.4

10.0 4.2 � .8 �.0001 12.3 � 2.4
12.5 4.7 � .8 �.0001 15.3 � 2.8
15.0 5.8 � 1.2 �.0001 22.2 � 4.6
17.5 (recovery) 2.0 � .7 .008 6.2 � 1.1

OTE. Time is from beginning of wrist flexion to tactile threshold measurement
exion threshold obtained approximately 17.5 min after baseline. Difference is
elative to baseline.

bbreviations: NCL�, symptomatic subjects with median nerve conduction late
onduction latency.

Probability of significant difference from baseline (paired t test).
iean � SEM.
CL� (406 � 195 �s), and NCL� (250 � 85 �s) subjects
iffered significantly (P � .0001, ANOVA). The NCL� sub-

ects differed significantly from both control (P � .0001, t
est) and NCL� (P � .0001, t test) subjects, whereas the
ifference between NCL� and control subjects was not
ignificant.

ontrol vs NCL� vs NCL� Subjects
For the NCL� subpopulation, multiple comparison of

ge-corrected tactile threshold for baseline (3.0 � 1.2
m), 2.5 min (7.2 � 1.8 �m), 5 min (9.4 � 2.0 �m), 7.5 min

12.8 � 2.6 �m), 10 min (18.5 � 4.3 �m), 12.5 min (23.1 �
.7 �m), and 15 min (33.6 � 7.3 �m) flexion, and post-
exion recovery tactile threshold (10.8 � 2.2 �m) was

ignificantly different (P � .0001, repeated measures
NOVA). As shown in Table 1, all paired comparisons
ere significantly different from baseline in the NCL�

ample. The greatest incremental increase in threshold
ccurred between 12.5- and 15-min (10.5 �m, 34% of
otal, P � .0036, paired t test). Threshold dropped signif-
cantly between 15-min and post-flexion (�22.8 �m, P �
0017, paired t test).

For NCL� subjects, multiple comparison of age-cor-
ected tactile threshold from baseline (�.4 � .5 �m), 2.5
in (2.6 � 1.2 �m), 5 min (4.4 � 1.4 �m), 7.5 min (6.0 �

.8 �m), 10 min (7.9 � 2.3 �m), 12.5 min (7.7 � 2.0 �m),
nd 15 min (9.1 � 2.2 �m) flexion, and post-flexion re-
overy (3.3 �m � 1.4) was significantly different (P �
0001, repeated measures ANOVA). As shown in Table 1,
ll paired comparisons were significantly different from
aseline for the NCL� sample. Threshold dropped signif-

cantly between 15-min and post-flexion samples (�5.8
m, P � .0029, paired t test).
Multiple comparison of NCL�, NCL�, and control sam-
les was statistically significant at all time intervals (P �

0002, 2.5 min; P � .0001, all other times; ANOVA). The
CL� and control tactile thresholds differed significantly
t each evaluation interval (Table 2) and became increas-

seline During Prolonged Wrist Flexion
NCL� NCL�

*
DIFFERENCE

(�M, M � SEM) P*
DIFFERENCE

(�M, M � SEM) P*

003 4.2 � 1.4 .0064 3.0 � 1.0 .0138
001 6.5 � 1.4 .0002 4.8 � 1.2 .0014
001 9.5 � 2.0 .0002 6.4 � 1.6 .0014
001 14.8 � 3.7 .0008 8.4 � 1.9 .0010
001 19.9 � 4.3 .0002 8.1 � 1.8 .0006
001 30.4 � 7.0 .0003 9.5 � 1.9 .0004
001 7.8 � 1.7 .0002 3.7 � 1.0 .0032

zero is baseline, wrist in neutral position). Recovery is measurement of post-
crease in age-corrected threshold (see Fig 1) during prolonged wrist flexion

at exceeds normal limits; NCL�, symptomatic subjects with normal
o Ba
IC

P

.0
�.0
�.0
�.0
�.0
�.0
�.0

(time
the in

ncy th
ngly divergent as the wrist flexion progressed, with the
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142 Prolonged Wrist Flexion
reatest difference occurring at 15 min (28.9 �m; Table
). The divergence in threshold dropped 19.0 �m be-
ween the 15-min and post-flexion observations.
The NCL� and control thresholds differed significantly
etween the 5-min and 12.5-min evaluations, with the
aximum difference occurring at 10 min (4.9 �m; Table

), but did not differ significantly at the 15-min and post-
exion intervals. Divergence between NCL� and control
ropped 2.0 �m between 15-min and post-flexion obser-
ations.
The NCL� and NCL� thresholds differed significantly

t baseline and from 12.5-min through post-flexion re-
overy, with the maximum divergence occurring at 15
in (24.6 �m; Table 2). The divergence in tactile thresh-
ld between NCL� and NCL� dropped 17.0 �m between
he 15-min and post-flexion observations.

omparison With Little Finger and Palm
hresholds
Tactile threshold data were collected on the little fin-
er (ulnar nerve) and lateral palm (palmar median nerve)
istributions before (baseline) and after (recovery) the
rist flexion procedure (Table 3; corresponding middle
nger data discussed above are included for compari-
on). Within the control population, baseline tactile
hreshold on the middle finger was significantly less than

able 2. Differences in Tactile Threshold Betwe

TIME (MIN)

SYMPTOMATIC MINUS

CONTROL NCL � MINUS C

DIFFERENCE

(�M, M � SEM) P*
DIFFERENCE

(�M, M � SEM)

0 2.8 � .8 .0014 4.1 � 1.0
2.5 4.4 � 1.3 .0011 6.2 � 1.5
5.0 5.6 � 1.5 .0003 7.5 � 1.7
7.5 7.6 � 1.9 .0002 10.2 � 2.2

10.0 11.4 � 2.9 .0002 15.4 � 3.4
12.5 13.4 � 3.2 �.0001 19.5 � 3.6
15.0 19.3 � 4.9 .0002 28.9 � 5.6
17.5 (recovery) 7.0 � 1.7 �.0001 9.9 � 2.0

ote and abbreviations as in Table 1.

Probability of significant difference between sample populations (t test); ns, n

able 3. Comparison of Middle Finger, Little Fi
rist Flexion

MIDDLE FINGER (�M, M SEM) LITT

BASELINE RECOVERY DIF* BASELINE

ontrol �1.1 (.3) .9 (.7) 2.0 P � .008 .0 (.5)
ymptomatic 1.7 (.8) 7.9 (1.6) 6.2 P � .0001 1.4 (.5)
CL� 3.0 (1.2) 10.8 (2.2) 7.8 P � .0002 1.8 (.6)
CL� �.4 (.5) 3.3 (1.4) 3.7 P � .0032 .7 (.7)

ote and abbreviations as in Table 1.
P is probability of significant difference between baseline and recovery populations
he little finger29 and the palm (P � .0078 and .0001,
espectively, paired t test). Little finger threshold was
lso less than palm (P � .0001, paired t test). This rela-
ionship between baseline thresholds was also present in
he NCL� sample (middle vs little finger, P � .0668; mid-
le vs palm, P � .0001; little vs palm; P � .0016; paired t
est). In contrast, for the NCL� sample middle finger
aseline threshold was not significantly greater than for
he little finger, but palm was significantly greater than
ittle finger (Table 3; P � .2912; middle vs palm, P � .0013;
ittle vs palm, P � .0022; paired t test).

As shown in Table 3, match-paired comparisons of
aseline and recovery for the middle finger showed sig-
ificant increase in threshold during recovery for all sam-
le populations. Similarly, threshold data for little finger
nd palm showed a consistent increase in recovery
hreshold for all sample populations but did not reach
tatistical significance for most comparisons (see Discus-
ion).
Multiple comparison showed little finger thresholds to

ary significantly among sample populations for baseline
control, NCL�, NCL� samples: baseline, P � .0233; re-
overy, P � .0884; ANOVA), whereas differences in pal-
ar measures were significant for both baseline and re-

overy (control, NCL�, NCL� samples: baseline, P �

ample Populations

L NCL�MINUS CONTROL NCL � MINUS NCL�

*
DIFFERENCE

(�M, M � SEM) P*
DIFFERENCE

(�M, M � SEM) P*

001 .6 � .6 ns 3.5 � 1.6 .0321
001 1.5 � 1.0 ns 4.7 � 2.5 ns
001 2.4 � 1.2 .0462 5.1 � 2.8 ns
001 3.3 � 1.6 .0404 6.8 � 3.7 ns
001 4.9 � 1.8 .0105 10.5 � 5.7 ns
001 4.0 � 1.8 .0272 15.4 � 6.1 .0162
001 4.4 � 2.3 ns 24.6 � 9.3 .0129
001 2.4 � 1.5 ns 7.5 � 3.1 .0197

ificant.

r, and Palmar Thresholds Before and After

GER (�M, M SEM) PALM (�M, M SEM)

COVERY DIF* BASELINE RECOVERY DIF*

.7 (.5) .7 P � .0781 4.9 (1.0) 7.4 (2.2) 2.5 P � .1504

.3 (1.1) 1.9 P � .0463 12.1 (2.6) 19.1 (4.2) 7.0 P � .0338

.8 (1.7) 2.0 P � .1831 15.3 (4.0) 23.3 (6.0) 8.0 P � .1362

.5 (1.1) 1.8 P � .0324 7.0 (1.3) 12.6 (2.2) 5.6 P � .0052
en S

ONTRO

P

�.0
�.0
�.0
�.0
�.0
�.0
�.0
�.0
nge

LE FIN

RE

3
3
2

(paired t test).
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0039; recovery, P � .0163; ANOVA). Paired comparison
f little finger samples showed baseline control to differ
ignificantly from symptomatic and NCL� (P � .0160 and
0063, respectively, t test) and recovery control to differ
ignificantly from symptomatic and NCL� (P � .03368
nd .0025, respectively, t test). Paired comparison of the
alm samples showed baseline control to differ signifi-
antly from symptomatic and NCL� (P � .0097 and .0389,
espectively, t test), and recovery control to differ signif-
cantly from symptomatic and NCL� (P � .0150 and P �
0087, respectively, t test). The remaining combinations
id not differ significantly (eg, control vs NCL�, NCL� vs
CL� samples).

actile Threshold vs Conduction Latency
Figure 3 shows scattergrams and regression lines for
echanosensory threshold vs conduction latency at

aseline, 15 min flexion, and recovery. As detailed in
able 4, regression line slope differed significantly
rom zero, and increased approximately 8-fold (from
021 �m/�s at baseline to 0.16 �m/�s at 15-min flex-
on), then declined to .057 �m/�s at recovery. Data
orrelations were significant (P � .0001), and regres-
ion did not differ significantly from linearity. Within
he NCL� sample, tactile threshold did not correlate
ith conduction latency at baseline but showed signif-

cant correlation after 15-min flexion and at recovery,
ith regression line slope being significantly greater

han zero (Table 4). Control and NCL� subpopulation
actile thresholds did not exhibit a significant relation-
hip to conduction latency.

rist Flexion-Induced Discomfort

ontrol vs Symptomatic Subjects
For the control population, multiple comparison of dis-

omfort ratings for baseline (.1 � 0 units), 2.5 min (.2 � .8
nits), 5 min (.3 � .1 units), 7.5 min (.6 � .1 units), 10 min
.8 � .2 units), 12.5 min (1.1 � .2 units), and 15 min (1.5 �
3 units) flexion, and post-flexion recovery (.5 � .2 units)
iffered significantly (P � .0001, repeated measures
NOVA). With the exception of the 2.5-min evaluation,
aired comparisons showed significant increases in dis-
omfort ratings from baseline (Table 5). During flexion,
he greatest incremental increase in discomfort occurred
etween the 12.5- and 15-min evaluations (.3 units, 27%
f total increase, P � .0017, paired t test). As illustrated in
ig 4, discomfort increased monotonically to a maximum
t 15 min. The drop in discomfort between the 15-min
exion and post-flexion recovery was significant (�1.0
nits, P � .0001, paired t test).
For symptomatic subjects, multiple comparison of
aseline (3.7 � .3 units), 2.5 min (3.6 � .3 units), 5 min (4.3
.3 units), 7.5 min (4.5 � .3) units, 10 min (4.9 � .3 units),

2.5 min (5.6 � .3 units), and 15 min (5.9 � .4 units)
exion, and post-flexion recovery (4.5 � .3 units) discom-
ort rating was significantly different (P � .0001, re-
eated measures ANOVA). Except for 2.5 min, the symp-
omatic sample was significantly different from baseline

or all evaluations, with the peak difference (2.2 units) t
ccurring at 15 min (Table 5). During flexion, the great-
st increase in discomfort between consecutive measure-
ents occurred between the 10- and 12.5-min evalua-

ions (.7 units, 32% of total change, P � .0001, paired t

igure 3. Age-corrected tactile threshold vs conduction latency for
aseline (A), 15minflexion (B), andrecovery (C) forwholepopulation
amples (N�70). Table 4 shows statistical (correlation and regression)
arameters forwholeandsubpopulations (control, solid squares)and
ymptomatic patients with normal (open triangles) or abnormal
open circles) conduction latencies. Some data points are very close to
ach other and therefore do not print clearly. Number of data points
bove and below the regression line, respectively: A, 29, 41; B, 30, 40;
, 29, 41. Data did not differ significantly from linearity (runs test: A, P
.64; B, P � .52; C, P � .65).
est). Discomfort dropped significantly (�1.4 units, P �
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144 Prolonged Wrist Flexion
0001, paired t test) between the 15-min and post-flexion
ecovery evaluations.
As illustrated in Table 6, discomfort ratings for symp-

omatic subjects were significantly greater than controls
t all evaluation periods. With the exception of 2.5 and
.5 min, the difference between control and symptom-
tic discomfort ratings increased during the flexion pro-
edure, with the greatest divergence between control
nd symptomatic discomfort occurring at the 12.5- and
5-min intervals (4.4 units; Table 6). The divergence of
ymptomatic from control discomfort dropped 0.4 units
etween the 15-min and post-flexion recovery evalua-
ions.

ontrol vs NCL� vs NCL� Subjects
For the NCL� subpopulation, multiple comparison of
iscomfort ratings for baseline (3.8 � .4 units), 2.5 min
3.7 � .4 units), 5 min (4.5 � .4 units), 7.5 min (4.8 � .4
nits), 10 min (5.2 � .4 units), 12.5 min (6.1 � .4 units),
nd 15 min (6.6 � .4 units) flexion, and post-flexion re-
overy (5.0 � .4 units) discomfort ratings was signifi-
antly different (P � .0001, repeated measures ANOVA).
ifferences between baseline and NCL� samples were

ignificant for all observations during the wrist flexion
rocedure except the 2.5-min interval (Table 5). The
reatest incremental increase in discomfort occurred be-
ween 10 and 12.5 min (.9 units, 32% of total, P � .0001,
aired t test). Drop in discomfort between 15 min and
ost-flexion recovery was significant (�1.6 units, P �

0001, paired t test).
For NCL� subjects, multiple comparison of discomfort

atings from baseline (3.6 � .4 units), 2.5 min (3.4 � .4
nits), 5 min (3.9 � .4 units), 7.5 min (4.2 � .4 units), 10 min

4.2 � .4 units), 12.5 min (4.6 � .4 units), and 15 min (4.7 �
5 units) flexion, and post-flexion recovery (3.7 � .5 units)
id not differ significantly (P � .3142, repeated measures
NOVA). With the exception of 2.5 min, paired compari-

ons in the NCL� sample showed significant differences
rom baseline (Table 5). The greatest incremental increase
n discomfort rating between consecutive measurements
ccurred between 2.5 and 5 min (.5 units, 50% of total, P �

0028, paired t test). The drop in discomfort between 15-
in and post-flexion samples was significant (�1.0 units,

3% of total, P � .0008, paired t test).
Multiple comparison of NCL�, NCL�, and control sam-
les was significantly different at all time intervals (P �

0001, ANOVA). Comparisons of NCL� and control dis-
omfort ratings were significantly different at each eval-
ation interval (Table 6). With the exception of the 2.5-
nd 7.5-min intervals, the difference between NCL� and
ontrol discomfort ratings increased incrementally as the
rist flexion progressed (Fig 4B), with the greatest dif-

erence occurring at the 15-min interval (5.1 units, Table
). The divergence in NCL� discomfort rating relative to
ontrol dropped .6 units between the 15-min and post-
exion observations.
Comparisons of NCL� and control discomfort ratings
iffered significantly at all evaluation intervals (Table 6).
he maximum divergence between control and NCL�
discomfort ratings (3.6 units) occurred at baseline. ThereTa Ba
s
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as no trend toward increased discomfort relative to
ontrol and no change in NCL� discomfort rating rela-
ive to control between 15 min flexion and post-flexion
ecovery.
The difference between NCL� and NCL� discomfort

atings increased gradually but did not reach significance
ntil 12.5 min and reached a peak of 1.9 units at 15 min
Table 6). The divergence in NCL� discomfort rating rel-
tive to NCL� dropped �.6 units between the 15-min
nd post-flexion observations.

iscomfort vs Conduction Latency
Fig 5 shows scattergrams and regression lines for dis-

omfort rating vs conduction latency at baseline, 15 min
exion, and recovery. As detailed in Table 7, regression

ine slope differed significantly from zero and increased
rom .014 units/�s at baseline to .020 units/�s at 15 min
exion, then declined to .016 units/�s at recovery. Data
orrelations were significant (P � .0001). With the excep-
ion of baseline, regression did not differ significantly
rom linearity. The control, NCL�, and NCL� subpopula-
ions did not exhibit a significant correlation with con-
uction latency.

iscomfort vs Tactile Threshold
There was a significant correlation (r) between base-

ine tactile threshold and discomfort rating (r � .4844, P
.0001). Linear regression (slope (S) � .2852, standard

rror (SE) � .06245, confidence interval (CI) � .1604-
4099); Y intercept (Y) � 1.749, SE � .2331, CI � 1.283-
.214) did not differ significantly from linearity (P �
1745). After 15 min wrist flexion, correlation between
hreshold and discomfort increased (r � .5774, P �
0001). Linear regression slope decreased (S � .07325, SE

.01265, CI � .04798-.09853; Y � 2.113, SE � .3796, CI �
.355-2.872) and remained significantly different from
ero and not differing significantly from linearity (P �
3634). During recovery, correlation decreased toward
aseline levels (r � 0.4962, P � .0001). Linear regression
lope increased (S � .1477, SE � .03133, CI � .08509-
2103; Y � .9252, SE � .4143, CI � .09761-1.753) and did

able 5. Change in Discomfort Rating Relative

TIME (MIN)

CONTROL SYMPTOMATI

DIFFERENCE

(UNITS, M � SEM) P*
DIFFERENCE

(UNITS, M � SEM)

2.5 .1 � .1 ns .1 � .1
5.0 .3 � .1 .0104 .6 � .2
7.5 .6 � .1 .0002 .8 � .2

10.0 .8 � .2 �.0001 1.1 � .2
12.5 1.1 � .2 �.0001 1.9 � .3
15.0 1.4 � .3 �.0001 2.2 � .3
17.5 (recovery) .4 � .2 .0093 .8 � .2

ote and abbreviations as in Table 1.

Probability of significant difference from baseline (paired t test); ns, not signifi
ot differ significantly from linearity (P � .6324). V
iscussion

hanges in Tactile Threshold
The present study quantitatively tracked changes in
edian nerve tactile threshold and ongoing discomfort

ating during a prolonged wrist flexion procedure and
nvestigated the relationship of baseline to post-flexion
ecovery threshold as well as shifts in threshold for other

igure 4. Discomfort ratings during prolonged wrist flexion.
A) Symptomatic (Sym) and control (Con) samples. (B) Positive
NCL�) and negative (NCL�) conduction latency and control.
ime: 0.0 min, baseline; 2.5-15 min, flexion; 17.5 min, recovery.

aseline During Prolonged Wrist Flexion
NCL� NCL�

*
DIFFERENCE

(UNITS, M � SEM) P*
DIFFERENCE

(UNITS, M � SEM) P*

s .1 � .2 ns .2 � .2 ns
048 .7 � .3 .0180 .3 � .2 ns
001 1.0 � .2 .0007 .5 � .2 .0470
001 1.5 � .3 �.0001 .6 � .3 .0395
001 2.4 � .3 �.0001 1.0 � .3 .0088
001 2.9 � .4 �.0001 1.1 � .3 .0093
028 1.2 � .3 .0013 .1 � .3 ns
to B
C

P

n
.0

�.0
�.0
�.0
�.0

.0
AS � visual analog scale units. Mean � SEM.
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146 Prolonged Wrist Flexion
erve distributions. At baseline there was a significantly
ower tactile threshold in the control population than in
he total symptomatic population. Division of symptom-
tic subjects into subsets with or without electrophysi-
logic evidence of median nerve compromise (NCL� or
CL�, respectively) showed baseline sensory deficit to be
onfined to the NCL� population (Table 2; Fig 3), sug-
esting that increases in baseline tactile threshold are
ssociated with conduction latency abnormalities. In
ontrol subjects, baseline middle finger threshold was
ignificantly less than for the little finger,29 perhaps ow-
ng to differences in density of median and ulnar nerve
nnervation. In addition, middle and little finger thresh-
lds were significantly less than palmar thresholds, pos-
ibly owing to a lower palmar receptor density.
Injury to the median nerve in carpal tunnel syndrome is

ikely localized to the carpal tunnel because of its limited
ompliance; that is, the transverse and dorsal carpal lig-
ments possess limited stretch. Because water is essen-
ially incompressible, tunnel pressure increases substan-
ially during mechanical maneuvers such as wrist
exion.34,35,50,51,56 In the control population, over a

hird of the total increase in tactile threshold occurred
ithin the first 2.5 min of flexion, suggesting an imme-
iate increase in pressure on the median nerve that
uickly disrupted action potential transmission. Further-
ore, the NCL� sample threshold at 2.5 min flexion sig-

ificantly exceeded the control sample (Table 2), sug-
esting an enhanced suppressive effect on action
otential transmission, perhaps due to scar tissue and
aseline edema in the carpal tunnel. The lack of a signif-

cant increase in discomfort rating above baseline during
he first 2.5 min of wrist flexion (Table 5) supports the
oncept that the immediate rise in tactile threshold is not
ue to nociception-related modulation of mechanore-
eptor channel transmission within the central nervous
ystem.40,57

The increase in tactile threshold at 2.5 min flexion in
CL� subjects was not significantly greater than in con-

rol subjects; moreover, the difference between NCL�
hreshold values and the average control threshold did
ot differ significantly between 5 and 15 min (P � . 3320,
epeated measures ANOVA), suggesting that similar
hysiologic processes impact mechanosensory action po-
ential transmission across the carpal tunnel in these
ample populations. In contrast, the same comparison
etween NCL� and average control threshold was highly
ignificant over the same time interval (5- to 15-min eval-
ations, P � .0001, repeated measures ANOVA). Further-
ore, relative to the control population, the NCL� pop-
lation exhibited a peak threshold increase of 4.9 �m
ver the time course of flexion, whereas the NCL� pop-
lation’s peak increase was 28.9 �m (Table 2). This in-
reased threshold in the NCL� population (which gener-
ted progressively greater deficits in sensory ability over
ime) was likely due to increasing vascular stasis, intersti-
ial pressure, inflammatory processes, and hypoxia and
upports the contention that prolonged wrist flexion in-
reases diagnostic sensitivity of sensory testing proce-
igure 5. Discomfort rating versus conduction latency for base-
ine (A), 15 min flexion (B), and recovery (C) for whole popula-
ion samples (N � 70). Table 7 lists statistical (correlation and
egression) parameters for the whole and subpopulations (con-
rol, solid squares) and symptomatic patients with normal (open
riangles) or abnormal (open circles) conduction latencies. Some
ata points are very close to each other and therefore do not
rint clearly. Number of data points above and below the re-
ression line, respectively: A, 28, 42; B, 29, 41; C, 29, 41. Data
iffered significantly from linearity in graph A (runs test: A, P �
ures.5,6,24 Consequently, the rate of rise in tactile
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hreshold during flexion may provide a sensitive mea-
ure of entrapment-related injury, of the clinical neces-
ity of surgical intervention, and of the prognosis for
omplete post-surgical recovery.

ecovery
At the cessation of prolonged wrist flexion, there was a

apid drop in sensory threshold. Although remaining sig-
ificantly above baseline (Table 1), the percentage drop
relative to maximum threshold shift during flexion) was
2%, 74%, and 62% for control, NCL�, and NCL� sam-
les, respectively. In control and NCL� populations,
hreshold deficit during recovery was approximately
qual to the deficit at 2.5 min flexion, suggesting that a
apid drop in interstitial pressure had restored the ma-
ority of median nerve axon potential transmission. In
ontrast, the threshold decrease from a 30.4 �m peak to
.8 �m at recovery in NCL� subjects remained signifi-
antly higher than at 2.5 min flexion (3.6 �m, P � .0389,
aired t test), suggesting delayed recovery (perhaps due
o residual hypoxia or nerve injury). Although the post-
exion time interval required for threshold to return to
aseline was not studied, measurement performed on
equential days show that threshold returned to baseline
ithin a 24-h period. Slower recovery in NCL� subjects

uggests that injurious effects accumulate over time.
uantification of recovery may provide an estimate of

isk to myelinated neurons exposed to repetitive stress-
ul provocation.
Although there was consistent increase in tactile

hreshold following prolonged wrist flexion in the little
nger and palmar innervations, these increases did not
each statistical significance in the control and NCL�
amples (Table 3), perhaps because threshold measure-
ent was delayed (see Material and Methods). Increased
ressure on the ulnar nerve in Guyon’s canal31 during
rist flexion could have contributed to increased little
nger tactile threshold, as could increased pressure in
he cubital tunnel due to bending the elbow during the
rocedure.49,5 Because the palmar branch of the median
erve bypasses the carpal tunnel, the observed increase

able 6. Differences in Discomfort Ratings Betw

TIME (MIN)

SYMPTOMATIC MINUS CONTROL NCL�MINUS CO

DIFFERENCE

(UNITS, M � SEM) P
DIFFERENCE

(UNITS, M � SEM)

0 3.7 � .3 �.0001 3.7 � .3
2.5 3.4 � .3 �.0001 3.5 � .3
5.0 4.0 � .3 �.0001 4.2 � .3
7.5 3.9 � .3 �.0001 4.1 � .3

10.0 4.0 � .3 �.0001 4.4 � .4
12.5 4.4 � .4 �.0001 5.0 � .4
15.0 4.4 � .5 �.0001 5.1 � .5
17.5 (recovery) 4.0 � .4 �.0001 4.5 � .4

ote and abbreviations as in Table 1.

Probability of significant difference between sample populations (t test).
n threshold following provocation was not anticipated l
nd could be due to pressure on palmar nerve fascicles
uring flexion. Baseline and recovery palmar thresholds
ere approximately 300% greater in NCL� subjects than

n control subjects (Table 3). Because the palmar branch
ies outside the carpal tunnel, chronic entrapment ap-
ears to be an unlikely explanation. Alternatively, pal-
ar mechanoreceptors are in closer proximity to areas of
rist inflammation (which is often associated with carpal

unnel syndrome) than mechanoreceptors innervating
he fingertips. Recent experiments have documented
odulation of slowly adapting type I mechanoreceptor

esponse via axon reflex mechanisms related to neuro-
enic inflammation66 (Zhang and Tuckett, unpublished
bservations) that might contribute to decreased mech-
noreceptor responsiveness.

hanges in Discomfort Ratings
All symptomatic subjects had paresthesia and numb-
ess in at least 1 digit in the median nerve distribution,
nd most exhibited nocturnal pain and paresthesia. At
aseline, discomfort in the control population was neg-

igible (.1 units), whereas both symptomatic samples
NCL� and NCL�) were essentially identical and signifi-
antly elevated (NCL�, 3.6 units; NCL�, 3.8 units) above
ontrol. As shown in Table 6, NCL� discomfort level did
ot become significantly greater than NCL� until 12.5
in flexion. At 15 min, NCL� discomfort was 264%

reater than the NCL� sample. Interestingly, the differ-
nce between control and NCL� discomfort ratings re-
ained essentially constant throughout provocation

nd recovery (Table 6; variation between 3.2 and 3.6
nits), suggesting that prolonged elevation of pressure

n the carpal tunnel of NCL� subjects did not increase the
ctivation of nociception-related pathways beyond that
ound in control subjects and, therefore, that baseline
ain levels were not due to peripheral nociceptor sensi-
ization. In contrast to the NCL� sample, whose discom-
ort ratings fell to baseline within the recovery interval,
CL� discomfort estimates remained significantly ele-
ated (Table 3; Fig 4).
Because conduction latency measures the status of

n Sample Populations
NCL�MINUS CONTROL NCL�MINUS NCL�

P
DIFFERENCE

(UNITS, M � SEM) P
DIFFERENCE

(UNITS, M � SEM) P

001 3.6 � .2 �.0001 .1 � .6 ns
001 3.2 � .3 �.0001 .3 � .6 ns
001 3.6 � .3 �.0001 .6 � .6 ns
001 3.5 � .3 �.0001 .6 � .6 ns
001 3.4 � .4 �.0001 1.0 � .6 ns
001 3.5 � .4 �.0001 1.5 � .6 �.0155
001 3.2 � .6 �.0001 1.9 � .7 �.0081
001 3.2 � .4 �.0001 1.3 � .6 �.0409
ee
NTROL

�.0
�.0
�.0
�.0
�.0
�.0
�.0
�.0
arge (nonnociceptive) afferent neurons (see Introduc-



t
f
b
b
p
l
c
j
l
p

P

p
o
m
a
t
o
c
“
i
u
n
s
4
n
a
a
d
w
t
a
fl

p
a
d
p
s
t
p
o
f
s
l

C
T

s
t
c
a
t
i
j
�
tb

le
7

.
Co

rr
el

at
io

n
an

d
Re

gr
es

si
on

Be
tw

ee
n

D
is

co
m

fo
rt

Ra
ti

ng
an

d
Se

ns
or

y
Co

nd
uc

ti
on

La
te

nc
y

M
SC

SS
N

S
SC

I
SP

Z
PS

N
L

Y
Y

C
I

Pr
Pr

C
I

PP
r

Sr
Sr

C
I

PS
r

el
in

e
To

ta
l

70
0.

01
4

0.
00

94
to

0.
01

9
�

0.
00

01
0.

02
1

�
2.

36
�

3.
84

to
�

0.
88

0.
58

0.
40

to
0.

72
�

0.
00

01
0.

50
0.

29
to

0.
66

�
0.

00
01

C
on

tr
ol

36
�

0.
00

03
4

�
0.

00
30

to
0.

00
23

0.
79

�
0.

99
0.

14
�

0.
52

to
0.

80
�

0.
04

4
�

0.
38

to
0.

29
0.

80
�

0.
05

3
�

0.
38

to
0.

29
0.

76
N

C
L�

13
0.

02
6

�
0.

00
06

7
to

0.
05

2
0.

05
5

0.
73

�
2.

81
�

9.
46

to
3.

83
0.

54
�

0.
01

1
to

0.
84

0.
05

5
0.

46
�

0.
14

to
0.

81
0.

11
N

C
L�

21
0.

00
82

�
0.

00
14

to
0.

01
8

0.
09

1
0.

09
2

0.
41

�
3.

61
to

4.
44

0.
38

�
0.

06
4

to
0.

70
0.

09
1

0.
29

�
0.

18
to

0.
65

0.
20

m
in

Fl
ex

io
n

To
ta

l
70

0.
02

0
0.

01
4

to
0.

02
6

�
0.

00
01

0.
08

8
�

2.
38

�
4.

23
to

�
0.

52
0.

63
0.

47
to

0.
76

�
0.

00
01

0.
59

0.
41

to
0.

73
�

0.
00

01
C

on
tr

ol
36

0.
01

3
�

0.
00

50
to

0.
03

2
0.

15
0.

82
�

1.
83

�
6.

43
to

2.
78

0.
25

�
0.

09
0

to
0.

53
0.

15
0.

16
�

0.
19

to
0.

47
0.

36
N

C
L�

13
0.

03
0

�
0.

00
43

to
0.

06
3

0.
08

1
0.

79
�

2.
68

�
11

.2
0

to
5.

83
0.

50
�

0.
06

9
to

0.
82

0.
08

1
0.

29
�

0.
33

to
0.

73
0.

33
N

C
L�

21
0.

00
52

�
0.

00
53

to
0.

01
6

0.
32

0.
71

4.
52

0.
14

to
8.

88
0.

23
�

0.
22

to
0.

60
0.

32
0.

30
�

0.
16

to
0.

66
0.

18
ov

er
y

To
ta

l
70

0.
01

6
0.

01
1

to
0.

02
2

�
0.

00
01

0.
08

7
�

2.
37

�
4.

03
to

�
0.

71
0.

59
0.

42
to

0.
73

�
0.

00
01

0.
59

0.
41

to
0.

73
�

0.
00

01
C

on
tr

ol
36

0.
00

54
�

0.
00

65
to

0.
01

7
0.

36
0.

93
�

0.
84

�
3.

81
to

2.
14

0.
15

�
0.

18
to

0.
46

0.
36

0.
25

�
0.

09
6

to
0.

54
0.

14
N

C
L�

13
0.

02
9

�
0.

00
39

to
0.

06
2

0.
07

8
0.

73
�

3.
55

�
11

.8
2

to
4.

72
0.

50
�

0.
06

4
to

0.
83

0.
07

8
0.

42
�

0.
18

to
0.

80
0.

15
N

C
L�

21
0.

00
15

�
0.

00
78

to
0.

01
1

0.
74

0.
52

4.
40

0.
54

to
8.

25
0.

07
7

�
0.

37
to

0.
49

0.
74

0.
08

9
�

0.
37

to
0.

51
0.

70

re
vi

at
io

ns
:M

SC
,m

aj
or

sa
m

pl
e

ca
te

go
ry

;B
as

el
in

e,
th

re
sh

ol
d

be
fo

re
fle

xi
on

;1
5-

m
in

,t
hr

es
ho

ld
at

15
-m

in
fle

xi
on

;R
ec

ov
er

y,
th

re
sh

ol
d

ab
ou

t
2.

5
m

in
po

st
fle

xi
on

;S
S,

su
b-

sa
m

pl
e;

To
ta

l,
to

ta
ls

tu
dy

sa
m

pl
e;

C
on

tr
ol

,n
or

m
al

je
ct

s;
N

C
L�

,p
at

ie
nt

s
w

ith
no

rm
al

co
nd

uc
tio

n
la

te
nc

y;
N

C
L�

,p
at

ie
nt

s
w

ith
ab

no
rm

al
co

nd
uc

tio
n

la
te

nc
y;

N
,s

am
pl

e
si

ze
;S

,s
lo

pe
of

re
gr

es
si

on
lin

e;
SC

I,
95

%
co

nfi
de

nc
e

in
te

rv
al

fo
r

sl
op

e;
SP

Z,
pr

ob
ab

ili
ty

th
at

sl
op

e
di

ff
er

en
t

ze
ro

;P
SN

L,
pr

ob
ab

ili
ty

th
at

sl
op

e
si

gn
ifi

ca
nt

ly
de

pa
rt

s
fr

om
lin

ea
rit

y;
Y

,y
-a

xi
s

in
te

rc
ep

t
of

re
gr

es
si

on
lin

e;
Y

C
I,

95
%

co
nfi

de
nc

e
in

te
rv

al
fo

r
Y

-in
te

rc
ep

t;
co

rr
el

at
io

n;
Pr

,P
ea

rs
on

co
rr

el
at

io
n

co
ef

fic
ie

nt
;P

rC
I,

95
%

co
nfi

de
nc

e
rv

al
fo

r
Pr

;P
Pr

,P
ea

rs
on

si
gn

ifi
ca

nc
e

le
ve

l;
Sr

,S
pe

ar
m

an
co

rr
el

at
io

n
co

ef
fic

ie
nt

;S
rC

I,
95

%
co

nfi
de

nc
e

in
te

rv
al

fo
r

Sr
;P

Sr
,S

pe
ar

m
an

si
gn

ifi
ca

nc
e

le
ve

l.

148 Prolonged Wrist Flexion
ion), the finding of difference in discomfort response
or NCL� and NCL� subpopulations was not anticipated,
ut it supports the possibility of a causal relationship
etween large fiber injury and neuronal mechanisms of
aresthesia (see below) or pain. A possible physiologic

ink between large fiber damage and peripheral noci-
eptor sensitization is suggested by observations that in-
ured Schwann cells are capable of cytokine re-
ease,1,26,38 which potentially could induce localized
eripheral nociceptor sensitization.65

aresthesia vs Pain
Although much is known about pain-related neuronal
athways, mechanisms of generation and transmission
f paresthesia-related signals is poorly understood. They
ay involve abnormally low levels of activity on tonically

ctive large myelinated neurons (eg, slowly adapting cu-
aneous or secondary muscle spindle mechanoreceptors)
r abnormal patterning of activity on specific sensory
hannels. Our study design captured patient reports of
discomfort” without attempting to parse discomfort
nto painful and paresthetic subcomponents. Hence, it is
nknown whether pain or paresthesia is the predomi-
ant sensory quality that increased during the latter
tages of wrist flexion in the NCL� sample (Table 6; Fig
B). Previous studies using prolonged wrist flexion have
ot focused on the relationship between buildup of pain
nd paresthesia; however, Borg and Lindblom6 reported
n immediate increase in paresthesia that diminished
uring the later stages of wrist flexion. Such a finding
ould be consistent with our data if it were found that

his delayed decrease in paresthesia were overcome by
n increasing level of pain during the later stages of wrist
exion.
Some investigators have classified paresthesia as a
rimary symptom of carpal tunnel syndrome and pain
s a secondary symptom (see Introduction).48,64 In ad-
ition, recent epidemiologic evidence from worker
opulations suggests that specificity of paresthesias is
uperior to other symptoms, such as pain ratings, in
he diagnosis of carpal tunnel syndrome (K. Hegmann,
ersonal communication). Therefore, quantification
f the paresthetic and painful components of discom-
ort during prolonged wrist flexion may provide in-
ight into the sensory mechanisms of compression-re-
ated nerve injury.

onduction Latency Changes in Carpal
unnel Syndrome
The present study showed a linear regression relation-

hip between baseline conduction latency and tactile
hreshold (Table 4) at baseline (Fig 3A), whose slope in-
reased 8-fold during prolonged wrist flexion (Fig 3B)
nd remained elevated at recovery (Fig 3C), indicating
hat the greater the conduction latency, the greater the
nfluence of prolonged provocation. In addition, for sub-
ects with abnormal baseline conduction latency (�310
s), the greater the latency, the more severe the deficit in
actile threshold during prolonged wrist flexion (eg, at
15 min flexion, Pearson correlation � .53, P � .013, re-Ta Ba
s
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ression slope � .20 �m/�s), strongly suggesting that in
ompression-related neuropathy the greater the slowing
n large myelinated axons, the greater their susceptibil-

ty to provocative stress.
The role of vibrometry in detection of carpal tunnel

yndrome remains controversial, with both propo-
ents6,5,17,24,28,29,30,31,52 and detractors.15,25,46,61,62,63

he vibrometer interface used in these studies was based
n the reproducibility of mechanoreceptor response to
hreshold stimuli in single-unit recording experi-
ents58,59 (see Methods) in addition to human carpal

unnel studies using a similar stimulus interface.28,29,31

ormal threshold on the human finger tip at 50 Hz can
e less than 3 �m at 50 Hz (Fig 1), and therefore accu-
ately calibrated instrumentation with reproducible
timulus delivery (eg, double-blind, computer control,
tandardized psychophysical protocol) is required to re-
uce variance and thereby aid in detection of slight shifts

n sensory threshold produced by early carpal tunnel syn-
rome. The present study supports the conclusion that
rolonged wrist flexion enhances the technique’s ability
o detect median nerve entrapment.6,24 However, repro-
ucibility studies (that measure within device and within
ubject variability) are necessary to demonstrate that the
ariability of psychophysical threshold measurement is

uch less than the effect of carpal tunnel syndrome. p

ngs. Neurosurgery 37:1097-1103, 1995
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onclusion
This study is descriptive in nature, designed to quanti-

atively describe sensory channel alterations during in-
reased carpal tunnel pressure; it would be preliminary
o assume diagnostic validity, because this was not eval-
ated within the context of the study. The discovery that
aseline sensory threshold for the NCL� symptomatic
ubpopulation was not significantly different from that
or the control population was unanticipated. We are
ncertain whether the NCL� sample should be consid-
red electrophysiologic “false negatives.” However, its
ncreased tactile threshold over the course of wrist flex-
on was for the most part significantly greater than for
he control sample, suggesting an increased susceptibil-
ty to nerve compression. Perhaps NCL� is an intermedi-
te population which is either progressing toward me-
ian nerve injury or recovering from previous
ompression injury (see Introduction). Consequently, we
o not view electrophysiological measures to be the
gold standard” for diagnosis of carpal tunnel syn-
rome. We believe that carpal tunnel syndrome is a pro-
ressive pathophysiological process that would be better
nderstood through the use of combined psychophysical
nd electrophysiological techniques during controlled,

rovocative maneuvers.
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