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Abstract 

Introduction/Objective: Somatosensory feedback from the fingertips is integrated with 

voluntary control of hand muscles in order to successfully grip objects. This integration can be 

disrupted in Carpal Tunnel Syndrome (CTS) and lead to dropping objects.  This raises the 

question of how the central nervous system (CNS) integrates sensory information from CTS-

affected and non-affected digits. The primary objective was to use CTS as a model to 

understand mechanisms underlying sensorimotor integration responsible for whole-hand 

griping of objects with a changing mass.  CTS patients should be able to modulate digit forces to 

object weight, however, as different grip types involve the exclusive use of CTS-affected digits 

or a combination of CTS-affected and non-affected digits, we hypothesize sensorimotor deficits 

to be larger for grips involving the coordination of CTS-affected and non-affected digits.  

Methods: Sixteen CTS patients (3 males, 13 females) and age- and gender-matched controls 

participated in the study. Subjects were instructed to use one of four grip types: two digits, 

three digits, four digits, or all five digits to grasp, lift, hold level and release a grip device for 7 

consecutive lifts. Object mass was changed across blocks of trials by inserting either a “light 

mass” (445g) or a “heavy mass” (745g) underneath the grip device. Force and torque exerted by 

each digit were measured.  

Results: CTS patients learned multi-digit force modulation to object weight regardless of grip 

type. Although controls exerted the same total grip force across all grip types, patients exerted 

significantly larger grip force than controls but only for manipulations with four and five digits. 

Importantly, this effect was due to CTS patients’ inability to change the finger force distribution 

when adding the ring and little fingers. 

Significance: These findings indicate CTS primarily challenges sensorimotor integration 

processes underlying the coordination of CTS-affected and non-affected digits. 
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Introduction: 

Carpal Tunnel Syndrome (CTS), a compression neuropathy of the median nerve, is one 

of the most common diseases affecting hand function. CTS leads to impairment in hand 

sensorimotor function that starts with loss of sensation in the palmar and the most distal dorsal 

aspect of the thumb, index, middle, and lateral half of the ring finger. In severe cases, CTS can 

affect motor fibers thus leading to force deficits mostly in the thumb. From a behavioral 

standpoint, CTS patients often report loss of manual dexterity, such as difficulties with fine 

manipulation or dropping objects.  

CTS is, by and large, a clinical diagnosis.  There are certain time patterns and features of 

the disease process that lead clinicians to the diagnosis.  In the early stages of CTS, patients may 

complain of being awakened in the middle of the night with their hand tingling or aching.  They 

will usually complain of a dull, achiness in the hand or forearm.  Additionally, the tingling or 

numbness will occur over the median nerve distribution of the hand (the thumb, index, long 

and radial half of the ring finger).  As the disease progresses, the patients may complain of 

weakness or dropping objects.  The final stages of CTS result in atrophy over the thenar 

eminence, indicating that the disease has progressed from sensory deficits to motor deficits as 

well. 

The likelihood of CTS increases with the number of symptoms and their alleviating or 

aggravating factors.  Alleviating factors that may clue the clinician in to a diagnosis of CTS is 

shaking of the hand or changing the hand posture resulting in relief.  Aggravating factors a 

physician will look for would be symptoms occurring when the patient has been sleeping, a 

sustained arm or hand position, or repetitive actions of the hand and wrist.   

In additions to the above symptomatology, physical exam findings may also aid in the 

diagnosis.  The most common provocative maneuvers are Tinel and Phalen signs.  Tinel sign is 

performed by the physicians tapping over the median nerve at the wrist crease and 

reproducing the numbness/tingling that the patient is complaining about.  Phalen sign is 

performed by having the patient hold their wrist in maximal flexion and waiting to see if this 

elicits their symptoms.  There are additional findings, such as hypalgesia in the median nerve 
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distribution, decreased two-point discrimination, or weakness of the abductor pollicis brevis 

muscle, that are less commonly used but some clinicians may use them if the previous exam 

findings were inconclusive. 

Recently there has been a trend to utilize neurophysiologic testing to determine the 

diagnosis.  Nerve conduction studies and electromyography (EMG) can assist the clinician in 

confirming the diagnosis of CTS.  These studies look to confirm localized damage to the median 

nerve, determine the severity of this damage, and then hopefully determine a cause of this 

damage.   

Once a diagnosis is made, there are many different treatment options for patients with 

CTS.  Initially, many patients will make activity modifications to decrease the repetitive stress 

on their wrist as well as utilize a brace while sleeping to prevent them from inadvertently 

flexing their wrist while they sleep.  Patients may utilize anti-inflammatory agents to decrease 

their discomfort.  Often times the aforementioned lifestyle modifications may resolve the 

patient’s issues without need for further intervention.  In the event these measures do not 

alleviate the patient’s symptoms, steroid injections into the carpal tunnel have been shown to 

at least provide short term relief. 

Oftentimes non-surgical treatment is very useful in mild to moderate forms of CTS, but 

isn’t as effective in severe CTS.  In these patients, who have failed conservative treatment, 

surgical approaches to release the carpal tunnel are required.  This may be done with either an 

endoscopic or open approach, but either way results in cutting through the transverse carpal 

ligament to provide more space for the median nerve.  

Despite the widespread incidence of CTS (3.7 % in the general population of the U.S) 

(12) and its impact on activities of daily living, relatively little research has been performed on 

the effects of median nerve compression on the control of dexterous manipulation.  

Early work on the effects of CTS on two-digit manipulation has reported conflicting 

evidence. For example, it has been reported that CTS patients exert larger grip force than 

healthy controls when applying dynamic forces with a tool (8). Studies of experimental models 
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of CTS in healthy subjects using mechanical compression of the median nerve (3), injection of 

anesthesia into the carpal tunnel (4), and digit local anesthesia (2, 6), have also reported 

increased normal force amplitude relative to control conditions. In contrast, other studies have 

reported that grip force in CTS was similar to controls during point-to-point arm movements of 

an object held with a whole-hand grip (11) or no effects of CTS on patients’ ability to modulate 

grip force to texture using a two-digit grip (13). However, several factors prevent a direct 

comparison among these studies, including differences in the tasks used (e.g., grasp to lift vs. 

point-to-point movements) and the number of digits studied, i.e., CTS-affected digits only (two-

digit grip) or CTS-affected and non-affected digits (whole-hand grip). 

The extent that CTS affects the modulation of multi-digit forces (whole-hand grasp) 

towards an object’s properties has only recently been investigated. These studies revealed that 

CTS patients are able to manipulate objects by scaling multi-digit forces to object weight (15), 

mass distribution (16), and frictional properties (1), thus effectively preventing object slip or tilt. 

This ability could be attributed to spared tactile sensation in the CTS-affected digits, or 

proprioceptive inputs from forearm and arm muscles signaling object weight. However, CTS 

patients also exhibited sensorimotor deficits relative to healthy controls, including significantly 

larger grip force and lower ability to balance the torques generated by the digits. As the median 

nerve compression spares sensation of the little finger and the medial half of the ring finger, 

these deficits could be due to sub-optimal integration of intact sensation from these digits with 

impaired sensation from CTS-affected digits. This interpretation is consistent with the 

observation that when only CTS-affected digits (thumb and index finger) are used to grasp and 

lift an object, CTS patients exert similar grip force as controls (13). However, conflicting 

evidence of larger grip force in two-digit manipulation in CTS (8) warranted a systematic 

investigation of the interaction between grip type and CTS on the control of dexterous 

manipulation. 

The purpose of the present study was to quantify the effects of CTS on sensorimotor 

integration underlying the coordination of digit forces for manipulating objects with different 

weights when using a variable number of digits. This work extends previous work on CTS that 
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focused on the control of manipulation using only a five-digit grip configuration (15). Based on 

this previous study, we hypothesized that CTS patients would maintain the ability to modulate 

digit forces to object weight.  As different grip types involve the exclusive use of CTS-affected 

digits (‘uniform grip’: two- and three-digit grips) or a combination of CTS-affected and non-

affected digits (‘mixed grip’: four- and five-digit grips), we also hypothesized that the effects of 

CTS on multi-digit coordination would be grip-type dependent. Specifically, we expected CTS-

induced coordination deficits to be larger for ‘mixed’ than ‘uniform’ grips due to the potentially 

more challenging task of coordinating multi-digit forces based on the integration of feedback 

from CTS-affected and non-affected digits.  
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Research Materials and Methods: 

Subjects 

Sixteen Carpal Tunnel Syndrome (CTS) patients (45 ± 3 years old, 3 males and 13 females) 

and sixteen age- and gender-matched healthy controls participated as subjects in the study. 

The weight and height of the subjects averaged 83.7 ± 8.8 kg and 166.5 ± 3 cm for CTS patients, 

and 77.7 ± 5.2 kg and 167.2 ± 2.5 cm for controls, respectively. CTS diagnosis was performed by 

the same neurologist (Mayo Clinic Hospital, Phoenix, AZ) based on clinical symptoms and 

results of electrodiagnostic tests (Table 1; normative values are shown in Table 2). Inclusion and 

exclusion criteria for CTS patients and controls were the same as reported in our previous study 

(15, 16) (Table 3). Specifically, for inclusion in our study, CTS patients had to exhibit at minimum 

a prolonged median nerve distal sensory latency (antidromic or orthodromic, relative or 

absolute). For controls, eligibility for participation to our study included absence of CTS-like 

symptoms. The neurologist carefully reviewed the detailed clinical history of CTS patients and 

controls. We included only patients with idiopathic mild and moderate CTS in the study who 

have sensory deficits rather than motor deficits, and excluded patients with categories of 

severe or markedly severe CTS who are most likely to have impaired motor function of the 

hand. All but one CTS patient and control were right-handed (self-reported). Three CTS patients 

were tested on their left hand and thirteen patients were tested on their right hand. The tested 

hand of control subjects was matched to the hand tested in CTS patients. All participants were 

naïve to the purpose of the study. The experimental protocols were approved by the 

Institutional Review Boards at Arizona State University and Mayo Clinic Hospital. 
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Table 1: CTS Patient Demographics and Electrodiagnostic test results 

No. CTS Patients Control 
 Gender Age Handedness Tested 

hand 

Electrodiagnostic test results (abnormal values in bold)1 Age 

Median Nerve 

Study 

Amplitude2  Velocity3  

(m/s) 

Distal  

latency (ms) 

F-wave  

Latency4 (ms) 

1 F 36 R R Sensory 7.3  3.7  36 

Motor 7.3  5.4 28.0 

2 F 57 R R Sensory 16.9 57 3.1  57 

Motor 8.7  4.7 28.5 

3 F 51 R R Sensory 15.8  3.5  53 

Motor 10.9 46 4.8  

4 F 28 R R Sensory 12.7 65 2.7  29 

Motor 4.1 57 4.1 25.0 

5 F 52 R L Sensory 74.0 67 2.5  50 

Motor 4.7 55 4.8 27.8 

6 M 51 

 

R L Sensory 46.7  2.6  50 

Motor 9.8 51 4.2  

7 F 59 R R Sensory 65.0 64 2.4  59 

Motor 9.4 56 4.2 24.2 

8 F 31 

 

R R Sensory 22.2  3.2  31 

Motor 9.0 55 4.7  

9 F 54 R R Sensory 90.0 65 2.4  54 

Motor 7.9 53 4.1 26.5 

10 F 33 R R Sensory 50.4 63 3.3  32 

Motor 6.6 54 4.9 29.6 

11 M 32 R L Sensory 8.1 56 4.0  33 

Motor 7.7 55 5.5 33.0 

12 F 59 R R Sensory 77.3 60 2.5  60 

Motor 7.4 56 4.6 27.8 

13 F 56 R R Sensory 50.7  2.9  56 

Motor 6.3 58 4.7  
14 M 22 L R Sensory 87.9  2.5  23 

 
 Motor 16.6 59 4.3  

15 F 46 R R Sensory 30.2 63 2.8  47 

Motor 10.5 52 4.9 27.8 

16 F 54 R R Sensory 6.5  3.6  56 

Motor 6.2 50 5.4  

  

 

 

TABLE 2 
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Normative Median and Ulnar Nerve Conduction Values, Mayo Clinic Arizona EMG laboratory 

 

Nerve Age < 60 

 

 

Age > 602 

 

 

Median Amplitude1 Wrist latency (ms) Amplitude1 Wrist latency (ms) 

Orthodromic sensory ≥50 < 2.3 
M > 17.4; F > 

40.1 
< 2.5 

Antidromic sensory ≥ 15 < 3.5 
M > 12.2; F > 

15.9 
< 3.7 

Motor > 4 < 4.5 > 4.5 M: < 4.4; F < 3.8 

Ulnar     

Orthodromic sensory ≥ 15 ≤2.3 M > 3.4 ; F > 14.4 < 2.3 

Antidromic sensory > 10 < 3.1 M > 3.9; F > 15.9 M < 3.5; F < 3.1 

Motor > 6 < 3.6 > 4.8 M: < 3.2; F < 2.9 

1Amplitude values for sensory studies are microvolts and motor studies are millivolts. 

2 Note that some normal values for subjects 60 years old and older are gender specific. M = 

male; F = female. 

 Table 3: Study Inclusion and Exclusion Criteria 
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Inclusion Criteria 

Yes  No Subjects included in this study will meet the following criteria: 

□  □  Mild to Moderate CTS verified by electrodiagnostic testing and questionnaires.  

 

Exclusion Criteria 

Yes  No Subjects will be excluded from the study who are: 

□  □  Clinical History or electrodiagnostic test results indicating ulnar, radial or proximal median 

neuropathy, brachial plexopathy, cervical radiculopathy or polyneuropathy. 

□  □  Orthopedic, joint degeneration (i.e., arthritis, verified by x-ray) affecting the hand or cervical 

spine 

□  □  Visual problems that would interfere with our grasp task 

□  □  Co-existing central nervous system disease (e.g., multiple sclerosis, motor neuron disease, 

myasthenia gravis, Parkinson’s disease, dystonia) revealed in medical history 

□  □  Significant rigidity as assessed through range of motion testing 

□  □  Active psychiatric illness 

□  □  Significant cognitive impairments (a score <24 on the Mini-mental State Examination) 

□  □  Pregnancy 

□  □  Unmanaged thyroid disorders 

□  □  Use of medications that might affect sensory and/or motor functions 

□  □  History of hand surgical interventions or corticosteroid injections for carpal tunnel syndrome 

and/or other musculoskeletal hand disorder 

□  □  Anastomoses (e.g. Martin-Gruber and Marinacci) 

□  □  Younger than 21 years old or older than 60 years old 

□  □  Positive results of impairment of hand function as assess by the Upper Limb DASH 

questionnaire, sensory and provocative tests with negative results from the electrodiagnostic 

tests.  
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Apparatus 

The grip device used in our study is shown in Figure 1A. Five force/torque (F/T) 

transducers (one Nano-25 for thumb and four Nano-17 for other digits, ATI Industrial 

Automation, Apex, NC) mounted on the vertical bar of the device were used to measure the 

forces and torques produced by individual digits (T, thumb; I, M, R, and L denote index, middle, 

ring, and little fingers, respectively). The surface of each sensor was covered with insulating 

circular plates. An electromagnetic position/orientation tracking sensor (Polhemus Fastrak, 

Colchester, VT; 0.075 mm and 0.05° resolution) was mounted on the top of the grip device to 

measure the object position and angle about the vertical axis in the frontal plane, i.e., object 

roll. 

The vertical location of the F/T sensor for the thumb was adjusted such that the center 

of the thumb sensor was always aligned with the center of one sensor or the midpoint between 

the two or more sensors depending on the number of digits involved in the grasp. Specifically, 

when subjects were instructed to use two digits (2D) with T and I, three digits (3D) with T, I, and 

M, four digits (4D) with T, I, M, and R, or five digits (5D) with T, I, M, R, and L, the center of the 

T sensor was aligned with the center of the I sensor, the midpoint between the I and M 

sensors, the center of the M sensor, or the midpoint between the M and R sensors, 

respectively (Fig. 1A). We studied two mass conditions: ‘light mass’ (total mass: 445 g) and 

‘heavy mass’ (total mass: 745 g), by adding a mass of 100 g or 400 g, respectively, in the 

midpoint at the bottom of the grip device (Fig. 1A). Note the added mass was not visible to the 

subjects during the experiment. Force and torque data from each sensor were acquired by five 

12-bit A/D converter boards (National Instruments, Austin, TX) at a sampling frequency of 1 

kHz. Collection of position data was triggered by the onset of force data acquisition and 

collected on a separate computer at a sampling frequency of 80 Hz. Force and position data 

were synchronized offline for analyses. Custom software (LabVIEW 6.1, National Instruments) 

was used to acquire, display and store force data. 
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Figure 1A: Grip device and experimental variables 

 Figure 1A shows the front view of the grip device used for each grip type condition. All 

dimensions shown are in cm. Force/torque (F/T) sensors are mounted on both sides of the 

device to measure forces and moment of forces exerted by each digit involved in a given grip 

type condition (thumb, index, middle, ring, and little fingers: T, I, M, R, and L, respectively). A 

mass (“G”; 100 g or 400 g) was inserted in the midpoint at the bottom of the grip device (“Light 

mass” and “Heavy mass”, respectively). For the 2- and 4-digit grip types, the center of the 

thumb sensor was collinear with the center of the index or middle finger sensor, respectively. 

For the 3- and 5-digit grip types, the center of the thumb sensor was collinear with the mid-

point between the centers of the index and middle finger or middle and ring finger sensors, 

respectively. Note that for each grip type, all five sensors were mounted on the grip device to 

maintain a constant mass for a given mass condition, thus changes in grip types were 

implemented by changing the relative position of F/T sensors. A magnetic tracker (not shown) 

was used to track the object position and orientation of the object during the manipulation. ‘O’ 

denotes the point about which moments were computed.  
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Experimental procedures 

During the experiment, subjects sat facing the grip device with the shoulder of the 

tested hand aligned with the grip device to ensure that the object could be comfortably 

grasped. Subjects were instructed to reach, grasp, lift ~10 cm off the table, hold for 4 s, and 

replace the grip device on the table at a comfortable, self-selected pace. One of the 

experimenters visually verified that the subject contacted each sensor with the tip of a single 

digit. The only task requirement was to lift and hold the grip device vertically. 

Subjects were asked to use one of four grip types to complete the above-described task: 

two digits (2D: thumb and index finger), three digits (3D: thumb, index, and middle fingers), 

four digits (4D: thumb, index, middle, and ring fingers), and five digits (5D). Note that for each 

grip type, all five sensors were mounted on the grip device to maintain a constant mass and 

mass distribution for each “mass” condition. Therefore, changes in grip type were implemented 

by changing the relative position of the thumb F/T sensor. For each grip type and “mass” 

condition, subjects were instructed to grasp and lift the device for seven consecutive trials. 

Thus, each subject performed a total of 56 trials (7 trials × 2 conditions × 4 grip types). Note 

that subjects were unaware of object mass on the first trial of each “mass” condition, but were 

aware that the load would remain the same within each block of seven trials. Grip types were 

presented in a counterbalanced order across CTS patients, and two “mass” conditions were 

presented in a pseudo-randomized order within each grip type block. The order of grip type and 

object mass presentation was matched between each CTS patient and his/her control. Subjects 

were given a minimum of 10-s rest period between trials and experimental conditions to 

prevent pain, fatigue, or worsening of the CTS symptoms. None of our subjects reported any of 

these adverse reactions. 

Data processing 

Force and position data were temporally aligned offline and analyses were performed 

using MATLAB 7.12 (MathWorks), Excel 2007 (Microsoft), Minitab 15 (Minitab), and SPSS 



12 
 

version 19 (SPSS). Experiment variables were analyzed at two time phases of the grasp (Fig. 1B): 

(1) object lift onset and (2) object hold. As we described in our previous work (15, 16), object 

lift onset was used to examine anticipatory scaling of digit forces and total moment to object 

mass based on previous manipulations, whereas object hold was used to evaluate subjects’ 

ability to adapt digit forces as a result of sensory feedback acquired following object lift onset. 

Briefly, object lift onset was defined as the time at which the grip device vertical position 

crossed and remained above a threshold (mean + 2 SD of the signal baseline) for 200 ms, and 

object hold was defined as the time period between the end of object lift and the onset of 

object replacement on the table. These two events were defined as the time at which the 

derivative of object vertical position dropped less than 3% of its maximal value during object 

lifting and decreased lower than 3% of its minimum value during object release, respectively. 

As object hold duration varies across lifts and subjects, and because force transients occur at 

the onset of object hold, digit forces were averaged over the last 2 s of the object hold phase. 

We analyzed the following experimental variables: 

(1) Digit forces. Digit normal force (Fn) is the force component perpendicular to the 

grip surface (Fig. 1B). Grip force (FG) was defined as the sum of Fn produced by all digits. Digit 

tangential force (Ftan) is the vertical force component parallel to the grip surface produced by 

each digit to lift and hold the object against gravity. Total tangential force (FT) was defined as 

the sum of Ftan produced by all digits (Fig. 1B).  

(2) Coefficient of variation of digit force. We quantified across-trial variability in force 

control as the coefficient of variation of Fn exerted during object hold (CV_Fn) for each finger (I, 

M, R, L) across the last five trials (Trial 3-7).  

(3) Derivative of digit forces. We computed the derivative of FG (dFG) and analyzed 

peak rate of FG occurring between digit contact and object lift onset. This variable was used to 

assess anticipatory control of digit force  to object mass. 

(4) Digit moment of forces. Digit moment of force (referred as ‘moment’ hereafter) was 

defined as the sum of the moments exerted by the digit(s) in the frontal plane (yz plane) about 

the origin ‘O’ (Fig. 1A). Moment analysis was used to quantify the extent to which subjects 
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could generate a moment at object lift onset in the direction opposite to the external moment 

caused by the load (5, 14). Therefore, the current task requirement of lifting the object 

vertically while preventing it from rolling is fulfilled when the moment generated on the object 

is zero. The moment generated by the subjects at object lift onset was defined as 

compensatory moment (Mcom) and was computed as the resultant moment produced by all 

the digits’ normal forces (normal moment; Mn) and digits tangential forces (tangential 

moment; Mtan) (15, 16). For Mcom to be zero as required by our task, Mn should cancel Mtan 

at object lift onset, i.e., they can either be both zero, or if one of them is nonzero, these two 

components should covary negatively. 

(5) Object roll. The current task required subjects to minimize object roll during object 

lift and object hold. Thus, peak object roll (9, 10, 14) was used as a performance measure to 

further quantify the extent to which both subject groups could implement anticipatory grasp 

control. 

(6) Time intervals. To quantify the temporal aspects of multi-digit forces force 

development, we analyzed the following three time intervals: (a) from first to last digit contact 

on their respective sensors (tCF_CL), (b) from last digit contact to peak rate of FG (tCL_PRF), and (c) 

from last digit contact to object lift onset (tCL_LON). 
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Figure 1B: Time course of sum of digit grip forces, digit tangential forces and their derivatives 

 Figure 1B shows, from top to bottom, the time course of the sum of all digit grip forces (FG), 

the sum of all digit tangential forces (FT), and the derivatives of FG and FT. Data are aligned with 

object lift onset (vertical dashed line, a). Note that analysis of digit forces during object hold 

was performed on data averaged over the last 2 seconds of the hold (horizontal bar, b). Data 

are from one representative CTS patient (S3) and her matched control (left and right column, 

respectively) performing the task on the seventh trial for the “light mass” condition and two 

grip types (two- and five-digit, 2D and 5D, respectively). 

Statistical analysis 
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To determine the extent to which the effects of CTS, grip type, and mass on multi-digit 

force coordination changed as a function of consecutive lifts, we first performed 4-way analysis 

of variance (ANOVA) with repeated measures on all of the above described experiment 

variables with Group (two levels: CTS and controls) as between-subject factor, and Grip type 

(four levels: 2D, 3D, 4D and 5D), Mass (two levels: light and heavy), and Trial (seven levels: 1st 

through 7th trials) as within-subject factors. Consistent with our previous CTS work (15), multi-

digit forces and peak object roll changed as a function of trial, however, the only significant 

changes occurred during the first couple of trials. Specifically, after the third trial subjects fully 

adapted multi-digit forces to object mass (post-hoc tests: no significant differences across trials 

in digit forces or peak object roll from trial 3 through 7; P > 0.05). Furthermore, this analysis 

revealed no significant interaction between Trial and either Group or Grip type for any 

experimental variable. As the focus of the present paper was on whether CTS affects multi-digit 

force coordination as a function of grip type, for all subsequent analyses we omitted the factor 

Trial and averaged data across trials 3 to 7.  

We performed 3-way analysis of variance (ANOVA) with repeated measures with Grip 

type and Mass as within-subject factors and Group as the between-subject factor on five 

primary variables: (a) object peak roll during lift, (b) grip force (FG) at object lift onset and hold 

(separate ANOVA’s), and (c) absolute values of com, Mn, and Mtan at object lift onset. The 

same statistical design was also used on (d) peak rate of FG to assess anticipatory force control 

and (e) the above-described time intervals.  

To evaluate the effects of grip type and CTS, additional analysis was performed on 

individual finger forces and their across-trial variability (note that the above analysis was 

performed on the net forces or moments exerted by all digits combined). This analysis 

consisted of 3-way ANOVAs with repeated measures with Grip type and Mass as within-subject 

factors, and Group as the between-subject factor on (a) Fn, (b) Ftan and (c) CV_Fn at object lift 

onset as well as at object hold separately for each finger that was involved in at least two 

different grip types (i.e., I, M, R). Note that the number of levels for the factor Grip type 

differed depending on the finger examined as the number of instances a given finger was 
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involved in each grip type changed, i.e., four levels for the index finger, three levels for the 

middle finger, and two levels for the ring finger. Lastly, we also performed 2-way ANOVAs with 

repeated measures on the above variables for the little finger at object lift onset and hold 

separately, with Mass as within-subject factors and Group as the between-subject factor. This 

was motivated by the fact that the little finger was only employed in the 5D grip, preventing 

the analysis of the factor Grip type. 

Mauchly’s test was used to test for sphericity. When sphericity assumption was 

violated, Greenhouse-Geisser correction was used as an alternative method. Note that the 

reported P-value(s) associated with the F statistic(s) are adjusted via Greenhouse-Geisser. 

When appropriate, we performed post hoc pairwise comparisons with Bonferroni adjustments. 

A significance level of P < 0.05 was used for all comparisons. 
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Results: 

All CTS patients and control subjects successfully completed our object grasp, lift, hold, 

and replace task without slipping or dropping the object while attempting to minimize object 

roll as instructed. As expected based upon our previous studies (15, 16), both groups of 

subjects learned to perform our task after 1-2 trials after experiencing light or heavy object 

mass, i.e., no significant trial-to-trial difference from trial 3 to 7 (last five trials).   By focusing on 

the coordination of multi-digit forces over the last five trials, we can minimize the initial 

learning process where the subject is unsure of the weight and balance of the device, though 

we still utilize the information obtained during those trials for an understanding on the amount 

of object roll.    

Manipulation performance: object roll 

The largest peak object roll (~ 2.1°) , not surprisingly occurred on the first object lift 

and slightly decreased during the last five trials in both groups (~ 1.6°) regardless of object 

mass and grip type (no significant main effect of Group or significant interactions Group × Mass 

or Grip type). Both groups exhibited the largest peak object roll when using a 2-digit grip type 

(main effect of Grip type: F[3,90] = 6.41, P < 0.001; peak object roll from 2D > 4D and 5D). 

Time intervals of multi-digit force development 

The temporal development of multi-digit forces was affected by grip type and object 

weight similarly across patients and controls for most time intervals. For both groups, time 

from first contact to (a) peak FG rate (tCL_PRF) and (b) object lift onset (tCL_LON) was longer when 

lifting a heavier object and when the grasp involved more digits. When lifting a heavier object, 

tCL_PRF and tCL_LON increased 13% (F[1,30] = 6.48, P < 0.05) and 15% (F[1,30] = 22.48, P < 0.001), 

respectively. For the effect of grip type, 2D and 5D were characterized by the shortest and 

longest intervals in both groups, respectively. Specifically, the average time between the first 

and last contact (tCF_CL) increased from 199 ms to 706 ms, tCL_PRF increased from 377 ms to 477 

ms, and tCL_LON increased from 627 ms to 783 ms (main effect of Grip type; F[3,90] = 24.42, 

F[1.791,90] = 7.27, and F[3,90] = 4.86, respectively; all P < 0.001). However, after establishing 
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contact with all digits, CTS patients developed grip force quicker than controls (main effect of 

Group on tCL_PRF: F[1,30] = 4.39, P < 0.05). 

Modulation of grip force as a function of object weight and grip type 

CTS patients exhibited anticipatory control of grip force similarly to controls, but 

exerted larger grip force than controls when using grips involving more digits. Both groups of 

subjects exhibited anticipatory control of grip force (FG) as revealed by larger peak FG rate 

when lifting the heavier object (main effect of Mass: F[1,30] = 67.99, P < 0.001). However, CTS 

patients produced larger peak FG rates than controls (main effect of Group: F[1,30] = 5.96, P < 

0.05; Fig. 1B), especially for grip types with larger number of digits (Group × Grip type 

interaction: F[3,90] = 2.78, P < 0.05; posthocs showed larger peak FG rates in CTS patients for 4D 

and 5D but not in 2D and 3D).  

Figure 2 shows the time course of the total grip force (FG) exerted on the last trial of 

each trial sequence for each grip type for both object weights from a representative CTS 

patient and her matched control. Regardless of object weight, the CTS patient exerted larger FG 

before lifting the object throughout the lift and hold when using 4D and 5D grip types than 2D 

and 3D. In contrast, the control subject did not modulate FG when using different grip types to 

manipulate the object with a given weight.  
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Figure 2. Time course of grip force as a function of grip type in CTS and controls.  

 

 

 Figure 2 shows the time course of grip force (FG) from contact to object release is for one of 

the CTS patients (S3) and the matched control subject (left and right column, respectively) for 

the light and heavy mass conditions (top and bottom row, respectively). Data are from the last 

trial of each block performed with each grip type (two-, three-, four- and five-digit grasps are 

denoted by 2D, 3D, 4D, and 5D, respectively) and are aligned relative to object lift onset 

(vertical dashed line). 
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The results shown in Figure 2 were common to all subjects (Fig. 3). ANOVA revealed 

that both subject groups exhibited FG modulation to object weight at object lift onset and 

during object hold (main effect of Mass: F[1,30] = 357.54 and 197.04, respectively; both P < 

0.001). Grip types characterized by larger number of digits were associated with larger FG (main 

effect of Grip type: F[3,90] = 8.82 for object lift onset; F[3,90] = 4.03 for object hold, both P < 

0.001). Most importantly, however, this tendency was stronger for CTS patients than controls 

(Fig. 3). Specifically, CTS patients exerted larger FG than controls for 4D and 5D grip types, but 

not the 2D and 3D grip types regardless of object weight (Group × Grip type interaction; F[3,90] = 

3.74 for object lift onset, P < 0.05; F[3,90] = 4.97 for object hold, P < 0.01). 
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Figure 3. Grip force at object lift onset and during object hold.  

 

Figure 3 shows Grip force (FG) measured at object lift onset and during object hold (top 

and bottom row, respectively) is shown for each subject group and grip type. Data are mean 

values averaged across trials 3 through 7 for each subject group and mass condition (left and 

right column). Vertical bars denote standard errors.  For object lift onset controls vs. CTS 

p<0.05, F[3,90] = 3.74 for object hold, p<0.01, F[3,90] = 4.97. 
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Finger normal force 

There are two possible explanations for the above interaction between group and grip 

type that showed larger FG in patients than controls for 4D and 5D grip types: 1) the forces 

produced by the index and middle fingers remain similar between groups regardless of the grip 

type, but the patients produce larger forces than the controls in the ring and little fingers 

during the 4D and 5D tasks, or 2) the discrepancy in FG between the groups is due to not only 

the additional force produced by the ring and little fingers, but also to changes that occur in the 

forces exerted by the patient group in the thumb, index, and middle fingers. To distinguish 

between these two possibilities, we examined FG distribution among the digits for each grip 

type and object weight. 

Figure 4 plots the individual Fn averaged across subjects within each group and grip 

type. As shown in the figure, the above interaction between grip type and group was caused by 

1) above, i.e., the index and middle fingers performing similarly between the two groups across 

grip types and the ring and little fingers produce significantly larger Fn in CTS patients in the 4D 

and 5D tasks regardless the object mass (main effect of Group: F[1,30] = 6.34 and 4.16 for ring 

and little fingers, respectively; both P < 0.05). For CTS-affected fingers (index and middle 

fingers), both groups reduced Fn with each additional digit added to the grasp. Specifically, Fn 

decreased from 2D to 3D, 3D to 4D, and 4D to 5D at the index finger (main effect of Grip type: 

F[3,90] =203.93, P < 0.001), and decreased from 3D to 4D, and 4D to 5D at the middle finger 

(main effect of Grip type: F[3,90] =99.88, P < 0.001). In contrast, the ring finger Fn decreased 

when switching from 4D to 5D only in controls, whereas it remained constant in CTS patients 

(Group × Grip type interaction: F[1,30] =4.774, P < 0.05). Both subject groups also increased Fn at 

all digits when lifting the heavier object (main effect of Mass: F[1,30] = 224.51, 113.36, 115.30, 

and 104.98 for thumb, index, middle, ring, and little fingers, respectively; all P < 0.001). 

Group differences were also found in across-trial variability of individual finger Fn 

(CV_Fn), with CTS patients exhibiting larger CV_Fn at the middle and little fingers than controls 

(main effect of Group; middle finger: F[1,30] = 6.55, P < 0.05; little finger: F[1,30] = 13.41, P < 0.01). 

No significant interactions were found in CV_Fn. 
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Figure 4. Individual digit normal forces at object lift onset.  

 

Figure 4 shows the normal force exerted by each digit at object lift onset is shown for each grip 

type, mass, and subject group (CTS and controls on the left and right column, respectively). 

Two-, three-, four- and five-digit grasps are denoted by 2D, 3D, 4D, and 5D, respectively. Data 

are mean values averaged across trials 3 through 7 for each subject group.   Ring and little 

finger with larger Fn in CTS vs. controls regardless of the object mass (F[1,30] = 6.34, p<0.05 and 

4.16, p<0.05 for ring and little fingers) 
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Finger tangential force  

In the present task, the resultant of all digits’ tangential forces (FT) at object lift onset 

has to be larger than, and during hold equal to, the object weight (Fig. 1B). All fingers 

contributed to generating larger Ftan for the heavier object mass in both groups (main effect of 

Mass: F[1,30] = 72.07, 115.10, 108.21, and 51.51 for index, middle, ring, and little fingers, 

respectively; all P < 0.001). Furthermore, all subjects reduced individual finger Ftan when more 

fingers were engaged in the grip (main effect of Grip type: F[3,90] = 191.75, F[2,60] = 96.21, F[1,30] = 

38.81 for index, middle, and ring fingers, respectively; all P < 0.001). An important group 

difference was that CTS patients exerted significantly lower Ftan at the index finger, but higher 

Ftan at the ring finger compared with controls (main effect of Group: F[1,30] = 5.69 and 5.85 for 

index and ring fingers, respectively; both P < 0.05). 

Components of compensatory moment  

The task requirement of ‘lift the object vertically’ required zero-moment production 

due to the object's symmetrical mass distribution. To evaluate subjects’ ability for anticipatory 

control of the net moment produced on the object at lift onset (15, 16), the Mcom and its 

components (Mn and Mtan) were analyzed for each grip type and mass condition (Fig. 5). 

Regardless of object weight, both groups exhibited a small but non-zero Mcom at object lift 

onset which was larger for the heavier object and for the 3D grip type (main effect of Mass: 

F[1,30] = 87.18, P < 0.001; main effect of Grip type: F[3,90] = 5.71, P < 0.01). Importantly, CTS 

patients were less skilled than controls in minimizing the net moment on the object at lift 

onset, as revealed by significantly larger Mcom than controls (Fig. 5; main effect of Group: F[1,30] 

= 9.30, P < 0.01). This group difference was due to larger Mn in CTS than controls (main effect 

of Group: F[1,30] = 7.44, P < 0.05), even though Mn was partially cancelled by Mtan that was 

produced in an opposite direction. 
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Figure 5. Compensatory moment at object lift onset and its components.  

 

Figure 5 shows the absolute value of the moment exerted on the object (Mcom) at object lift 

onset for the light and heavy mass (left and right column, respectively) for each grip type and 

subject group. Data are mean values averaged across trials 3 through 7 for each subject group. 

Vertical bars denote standard errors. 
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Discussion: 

In the present study, we examined the effects of CTS on grasp control as a function of 

grip configuration when manipulating objects with different weights. The main findings are: (a) 

CTS patients exerted significantly larger grip force than controls but only for grips involving four 

and five digits; (b) CTS patients were able to modulate multi-digit forces to object weight 

regardless of the number of digits involved in the grasp; and, consistent with previous findings, 

(c) multi-digit moment coordination was weaker in CTS patients than controls for all grip types. 

These findings are discussed in the context of deficits in sensorimotor integration that might be 

specific to tasks involving the coordination of CTS-affected and non-affected digits. 

Multi-digit force modulation to object weight 

Both CTS patients and controls increased grip force when lifting heavier objects in an 

anticipatory fashion, i.e., before object lift, as indicated by a modulation of peak grip force rate 

to object weight. Force modulation to object weight also persisted during object hold. These 

findings are consistent with a recent study on five-digit grasping in CTS patients, even though 

patients exhibited lower discrimination of grip force to lighter object masses (15). 

Here we show that the use of different grip types does not interfere with CTS patients’ 

ability to modulate grip force as it relates to object weight. The interpretation of this finding is 

that CTS patients have a residual ability to process sensory feedback, form sensorimotor 

memories, and use them to modulate digit forces to object weight. Moreover, the present 

findings are an important extension of previous observations since this residual ability of multi-

digit force anticipatory control is found for grip types that involve only digits with impaired 

sensation as well as these digits interacting with fully sensate digits. Therefore, it is unlikely that 

patients’ ability for residual force modulation capitalizes on intact cutaneous sensation from 

CTS non-affected digits since these are not involved in two- and three-digit grips.  The current 

results support the notion that feedback from muscle, joint, and tendon mechanoreceptors in 

the forearm and upper arm – whose function is spared by median nerve compression – could 

have been integrated with residual somatosensory feedback from fingertips to infer object 

weight after the first object lift and aid in grasp planning on subsequent lifts.  
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Grip-type specific effects of CTS on grip force 

Unlike previous CTS studies that focused on either two- or five-digit grips, to the best of 

our knowledge this study is the first to systematically investigate the effect of grip type within 

the same group of patients. By doing so, the current study sheds light on some of the 

discrepancies found within the CTS literature with regard to force control in two-digit grasping, 

i.e., reports of patients exerting larger vs. similar grip forces as controls. Specifically, we found 

that patients do not exert larger grip force than healthy controls when using two digits. This 

finding is consistent with a study using a similar protocol and grip device (13). We interpret the 

discrepancy with results by Lowe and Freivalds (8) as primarily due to task differences, i.e., 

using a tool to generate forces on a surface versus object grasping, lifting, and holding. At the 

same time, we replicated the results obtained on a different group of CTS patients showing 

greater grip force than controls when using a whole-hand grasp (15). 

Our protocol revealed that CTS elicited grip-type specific differences in multi-digit force 

coordination relative to controls. Specifically, CTS patients exerted similar grip force as controls 

when using two and three digits to grasp and manipulate our grip device. Interestingly, 

however, patients exerted significantly larger forces when the ring finger, or the ring and little 

fingers, were added to the grip (Fig. 3). These results support the hypothesis that the effects of 

CTS on manipulation control are dependent on the number of digits engaged in the task, and 

more specifically that the combination of CTS-affected and non-affected digits leads to greater 

digit force coordination deficits than grips involving CTS-affected digits only.  

We propose that the grip-type dependent differences in multi-digit force coordination 

between CTS patients and controls are related to the heterogeneity of tactile deficits among 

the digits. For the grip types involving fewer digits (thumb and index, or thumb, index and 

middle), sensation at all of these digits is reduced by median nerve compression. Conversely, 

four- and five-digit grips require coordination of digits that are affected with those not affected 

by CTS. It is conceivable that the process of integrating intact and reduced sensory feedback 

from the fingertips might be more challenging than integrating feedback from CTS-affected 

digits only. This interpretation is supported by the finding that the larger grip forces produced 
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by the CTS patients in the four- and five-digit grips were caused by adding the ring and little 

finger to a ‘default’ grip force sharing among thumb, index, and middle fingers (Fig. 4). This 

suggests that the congruence of impaired sensation from CTS-affected digits might elicit a 

greater degree of long-term adaptation to reduced sensation and effectiveness in digit force 

coordination. 

Biomechanical considerations: force and moment coordination 

Force coordination. For a given object weight and frictional properties, the minimum 

grip force required to prevent object slip is invariant with respect to the number of digits 

involved in the grasp.  Although no mechanical constraints prevent the use of significantly 

larger grip force than the minimum necessary, when healthy individuals hold an object, grip 

force is only slightly larger than that required to prevent object slip (6). The finding that healthy 

controls used the same grip force across all grip types is evidence of efficient force control. 

However, the extent to which healthy individuals exert the same grip force across grip types 

appears to be dependent on hand posture (7). 

The ability to exert the same grip force regardless of the number of digits involved in 

the grasp requires redistributing normal force exerted by the digits. For example, the grip force 

exerted by adding a digit would have to be counterbalanced by a decrease in grip force in at 

least one other digit. The present findings indicate that this mechanism was implemented to a 

greater extent by our control subjects. However, as task mechanics does not constrain grip 

force magnitude above that at which slip occurs, changes among digit grip forces can occur 

without having to maintain the same grip force across grip types, as shown by our CTS patients.  

To lift the object, the resultant tangential force by all digits needs to be equivalent to 

the object weight, thus the smaller tangential force observed at the index finger in CTS patients 

must be compensated by a larger tangential force in a different digit, specifically the ring finger 

in the present study. The larger tangential force at the ring finger required an increase in 

normal force which could help to provide sufficient friction between the surfaces of the finger 

and grip device. Nevertheless, the CTS-affected digits did not compensate for this normal force 
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modulation, thus resulting in a larger total grip force for grips involving CTS-affected and non-

affected digits.  

Moment coordination. The greater grip force associated with four- and five-digit grips in 

CTS patients can be viewed as an inefficient force control strategy.  The ‘extra’ grip force does 

not add grasp stability, i.e., patients, like controls, could have used the same total grip force 

across all grip types to prevent object slip.  Of note, CTS patients’ decreased ability to minimize 

the net moment on the object did not vary as a function of grip type. This is a surprising result 

given the above considerations about grip-type specific force coordination deficits induced by 

CTS.  This finding indicates that the larger grip force associated with four- and five-digit grips 

was effectively compensated for to maintain the non-zero moment relatively constant across 

grip types (Fig. 5A). In turn, this compensation implies a residual ability in CTS patients to shift 

net center of pressure by re-distributing normal forces, and further suggests that such ability is 

independent of  a CTS patient’s inability to finely modulate force magnitude. This interpretation 

is consistent with evidence showing an intact ability in CTS patients to shift finger center of 

pressure by altering the normal force distribution as a function of object mass distribution (16), 

a phenomenon that is likely implemented through CTS-spared extrinsic finger muscles. 
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Future Directions: 

Given the results of this study, we can see that the integration of somatosensory 

feedback between CTS affected and non affected digits is altered.  In future studies, looking at 

how this sensorimotor integration occurs when changing object center of mass in multi digit 

grip may provide further knowledge into how grip is intertwined amongst the median and ulnar 

nerve distribution.   

This integration is more complex than previously thought, as it appears that it is easier 

for an individual to more efficiently grip an object utilizing only CTS affected digits than when 

trying to grip an object with both unaffected digits and affected digits.  Additional follow up 

studies could target the underlying pathophysiologic basis for this discrepancy.  Does the 

altered median nerve conduction lead the body to adapt to sensorimotor innervations of the 

affected digits?   

Further studies should also look at the effect of grip type when the object center of 

mass is changed.  This would be even more useful as a change in the center of mass toward the 

fingers or the thumb would require the patient to further alter the force of their tangential grip.  

In four and five digit grasping, this would provide valuable information at how CTS affected and 

unaffected digits interact to prevent the device from rolling.  This increased utilization of the 

intrinsic hand muscles, would allow further study on the effects of CTS on intricate hand 

movements.  For example, if the center of mass is located under the thumb, then the subject 

must have a tangential force up on the thumb side, but also a tangential force down on the 

finger side, which would require sensory inputs from the CTS affected digits to constantly 

interact with the unaffected digits throughout the entire object lift in order to keep the object 

level. 

Another avenue of investigation would be viewing how sensorimotor innervations 

optimize grip efficiency.  The control subjects minimized the amount of force used when lifting 

an object, expending just enough force to lift and hold the device.  However, the CTS affected 

patients utilized much more grip force than what would be required to simply lift the object.  

This alteration in grip efficiency could be investigated further, into a more in depth 
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understanding of sensorimotor integration, to minimize the amount of work exerted by the 

body.   

Additionally, looking at patients who received different treatments for CTS: wrist splints, 

steroid injections, or even surgeries; may provide a more clinically useful algorithm for the 

treatment of CTS.  Further studies in this clinical arena could look at different surgical releases 

of the carpal tunnel in the hopes of determining which procedure, if any, will produce the best 

result for the patient.   

Lastly, long term follow-up studies tracking the changes that occur in CTS patients as 

they progress from mild to moderate to severe symptomatology would be useful.  There can be 

even more focus on how somatosensory inputs are altered in the face of chronic median nerve 

pressure.  Reviewing the neurophysiologic steps that occur from the mildly symptomatic stages, 

where only sensory input is affected up to the more severe stages where muscle strength is 

affected, would enable researchers to look for clues in the diagnostic evaluation that will give 

the clinician a timeframe to determine when certain procedures would be indicated.   

  



32 
 

Conclusions: 

The present findings confirm the previous observation of CTS patients’ residual ability to 

modulate multi-digit forces to object weight in whole-hand grasping and extend it to all other 

grip types. We also confirmed the finding of CTS patients’ reduced ability to minimize the net 

moment on the object. However, the most important finding was that CTS patients’ exhibited 

grip type-specific force coordination deficits as they exerted larger grip force when CTS non-

affected digits had to be coordinated with CTS-affected digits. This novel finding suggests that 

the integration of intact and reduced sensory feedback from the fingertips might challenge the 

central nervous system to a greater degree than integrating feedback from CTS-affected digits 

only. 
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