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Understanding the mapping between individual outcome measures and the latent
functional domains of interest is critical to a quantitative evaluation and rehabilitation of
hand function. We examined whether and how the associations among six hand-specific
outcome measures reveal latent functional domains in elderly individuals. We asked 66
healthy older adult participants (38F, 28M, 66.1 ± 11.6 years, range: 45–88 years) and
33 older adults (65.8 ± 9.7 years, 44–81 years, 51 hands) diagnosed with osteoarthritis
(OA) of the carpometacarpal (CMC) joint, to complete six functional assessments: hand
strength (Grip, Key and Precision Pinch), Box and Block, Nine Hole Pegboard, and
Strength-Dexterity tests. The first three principal components suffice to explain 86% of
variance among the six outcome measures in healthy older adults, and 84% of variance
in older adults with CMC OA. The composition of these dominant associations revealed
three distinct latent functional domains: strength, coordinated upper extremity function,
and sensorimotor processing. Furthermore, in participants with thumb CMC OA we
found a blurring of the associations between the latent functional domains of strength
and coordinated upper extremity function. This motivates future work to understand
how the physiological effects of thumb CMC OA lead upper extremity coordination to
become strongly associated with strength, while dynamic sensorimotor ability remains
an independent functional domain. Thus, when assessing the level of hand function
in our growing older adult populations, it is particularly important to acknowledge its
multidimensional nature—and explicitly consider how each outcome measure maps
to these three latent and fundamental domains of function. Moreover, this ability to
distinguish among latent functional domains may facilitate the design of treatment
modalities to target the rehabilitation of each of them.
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Introduction

But the questions remain: what latent domains describe hand
function and how do individual outcome measures relate to
latent functional domains of interest? In fact, the International
Classification of Functioning, Disability and Health (ICF) by the
World Health Organization (2001) highlights the importance of
quantifying latent functional domains related to body structure
and function, activity, and participation, which clearly require
several different assessment tools. Seen from this perspective
it is difficult to define and justify a specific selection of—and
hierarchy among—available assessment tools. Thus, several
rehabilitation studies have begun to explore interactions among
outcome measures (Hellström et al., 2003; Patterson et al.,
2010; Hart and Bagiella, 2012; McDonough et al., 2013; Milot
et al., 2013; Egan et al., 2014). Similarly, here we examine
whether and how the interactions and associations among six
commonly used outcomes measures reveal latent functional
domains in: (i) healthy older adults; and (ii) older adults with
thumb carpometacarpal osteoarthritis (CMC OA).

The hand is vital for human activities and independent living
and influences the quality of task performance, especially those
requiring dexterity (Light et al., 1999). As such, quantifying
hand function is central to research and clinical care and
numerous outcome measures have been developed to evaluate
treatment effectiveness and ultimately improve medical care
(Smith, 1961; Cromwell, 1976; Walker et al., 1978; Mathiowetz
et al., 1985a; Hume et al., 1990; Marx et al., 1999; Light et al.,
2002; Oxford Grice et al., 2003). The central question here is,
What should we use to quantify hand function considering
that that we have so many choices of assessment tools and
even more outcome measures stemming from those tools? It
stands to reason that the multi-dimensional nature of hand
function would require multiple outcome measures for accurate
assessment of ability. But the shear number of available outcome
measures creates a false sense of high-dimensionality. This
motivates us to evaluate the associations, commonalities, and
dissociations among outcome measures, and their ability to
reveal latent functional domains. We propose that understanding
the mapping between individual outcome measures and the
latent functional domains of interest is critical to the quantitative
evaluation and rehabilitation of hand function. To clarify, we
define latent functional domains as the hidden dimensions
underlying hand function. We believe this approach will address
and help resolve the debate over the merits of available outcome
measures.
In the motor function community, some advocate the
preeminence of measures of hand strength or joint range of
motion (Light et al., 1999). Others prefer outcome measures
geared towards Activities of Daily Living (ADLs) that feature
coordinated upper extremity function (Light et al., 1999) such
as time limited measures (i.e., amount completed in a given
time) like the Box and Blocks test (BBT; Mathiowetz et al.,
1985b) and the Crawford Small Parts Dexterity test (Boyle and
Santelli, 1986). Yet still others emphasize work limits (i.e., time to
completion) such as the Nine Hole Peg test (NHPT; Oxford Grice
et al., 2003) and the Functional Dexterity test (Mathiowetz et al.,
1985b; van Lankveld et al., 1996). While all of these outcome
measures have shown utility, it is recognized that they offer
limited information (Light et al., 1999, 2002; Duff et al., 2015).
As a result, new assessment tools were developed that include a
battery of measures designed to assess a set of motor functional
abilities like the Jebsen Taylor Hand Function (Jebsen et al.,
1969) and TEMPA tests (Desrosiers et al., 1995). There are other
measures focusing on sensory acuity like the Weber two-point
discrimination (Dellon et al., 1987) and the AsTex sensitivity
tests (Miller et al., 2009)—but sensorimotor control is difficult
to test while disambiguating it from strength, coordinated upper
extremity function, tactile and visual acuity, and speed. We stress
that sensorimotor processing is integrative by definition, and
must be considered independently of isolated motor or sensory
function. One example of sensorimotor fingertip function is the
ability to dynamically control the magnitudes and directions of
force vectors, as quantified by the Strength-Dexterity (SD) test
(Valero-Cuevas et al., 2003; Dayanidhi et al., 2013; Lawrence
et al., 2014).
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Material and Methods
Sixty-six healthy adult participants (38F, 28M, 66.1 ± 11.6 years,
range: 45–88 years) completed the following assessments that
utilize varying levels of strength requirements with their
dominant hand (described in detail below): BBT, NHPT, SD test,
and measures of finger and hand strength (grip strength, key
pinch, and precision pinch). We then asked 33 adult participants
(65.8 ± 9.7 years, 44–81 years, 51 hands) diagnosed with
and treated for CMC OA to complete the same assessments
with their affected hand(s). These patients were evaluated at
an average of 40 months after either surgical or conservative
treatment by the same surgeon (author CL) at Institut de la
Main, Clinique Jouvenet in Paris, France between September
2005 and December 2011. All participants gave their informed
consent to the experimental protocols, which were approved by
the Institutional Review Boards at Rancho Los Amigos National
Rehabilitation Center and the University of Southern California.
The assessments were performed during a single session and
participants were allowed to rest as often as needed in between
tests.

Grip/Key Pinch/Precision Pinch Strengths
Hand and finger strength is often used as a measure of
function in the upper extremity (Light et al., 1999). Grip, key,
and precision (tip-to-tip) pinch strengths were measured using
standard techniques (patient sitting with the upper arm by the
side, elbow flexed to 90◦ , and forearm in neutral rotation)
with calibrated grip and pinch meters (Jamar, Jackson, MO;
Mathiowetz et al., 1985a). Participants completed three trials for
each measure and the dependent variables were the highest value
from the three trials.

Box and Blocks Test
The BBT (Cromwell, 1976; Mathiowetz et al., 1985b) is a
measure of coordinated upper extremity function (Trombly,
1983) that has been validated and used to assess numerous
clinical conditions (Smith, 1961). Participants were asked to use
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PC vector (i.e., column) the structure of the correlations and
non-zero numerical values in each column quantify the relative
positive or negative correlations among variables (Clewley
et al., 2008). To put it simply, we used PCA as a method
of dimensionality reduction that, in this case, examines the
contributions of the dependent measures to hand function and
the associations among these measures. Due to the differences
in units and normal distributions among variables, and for
comparison purposes, we calculated the standard score (z-score)
of each variable and used their standardized normal distribution
values for the PCA dataset (Jolliffe, 2005). The PCs are presented
in descending order quantifying their contributions to hand
function such that the first principal component explained the
largest amount of variance. We note that the first three PCs
sufficed to capture approximately 85% of the total variance
for both datasets; therefore, we limited our analysis to them.
Significance was set at p < 0.05 and Matlab and SPSS (version
22, IBM, Armonk, NY) was implemented for these analyses.

one hand to move blocks, one at a time, from one compartment
of a box to another that was separated by a divider. The
dependent variable was the number of blocks transported in one
minute.

Nine-Hole Peg Test
The NHPT is a test of fine motor control featuring an emphasis
on finger dexterity (Oxford Grice et al., 2003). For the NHPT,
participants were asked to take narrow pegs from a shallow
trough, one by one, and place them into the holes on the board,
then remove the pegs from the holes, one by one and return
them to the trough as quickly as possible (Oxford Grice et al.,
2003). The time to complete the task, the dependent variable, was
recorded with a stopwatch.

Strength-Dexterity Test
The SD test is described in detail in prior publications (ValeroCuevas et al., 2003; Dayanidhi et al., 2013; Dayanidhi and ValeroCuevas, 2014; Lawrence et al., 2014). Briefly, it is a continuous
measure that involves using the first digit and thumb to compress
as far as possible a slender spring, prone to buckling. This
requires control of fingertip motions and force vectors at very
low force levels (2–3 N) and is informative of one’s level of
neuromuscular control (Valero-Cuevas et al., 2003; Vollmer
et al., 2010; Holmström et al., 2011; Dayanidhi and ValeroCuevas, 2014; Lawrence et al., 2014). The spring is outfitted with
miniature force sensors (Measurement Specialties, Hampton,
VA) on either end to quantify the forces exerted by the fingertips.
Participants were asked to compress the spring as much as
possible and maintain steady state compression (hold phase) for
3–5 s for at least ten trials. Force data were sampled at 400 Hz
with a data acquisition system (National Instruments, Austin,
TX) and both recorded and processed with custom Matlab
software (The Mathworks, Natick, MA). The three hold phases
with the greatest mean compression forces were considered the
dependent variables for analysis. Mean compression forces are
indicative of ones ability to overcome instabilities during the hold
phase and higher values reflect better performance.

Results
The means, standard deviations, and ranges of each dependent
measure are presented in Table 1. Clinical outcome measures
in all healthy participants were within normal ranges when
compared to previously published data (Mathiowetz et al.,
1985a,b; Oxford Grice et al., 2003).
The PCA results from the healthy participants are presented
in numerical form below (Table 2). Loading values quantify the
strength and direction of the relationships between variables and
range between −1 and 1, where 1 is total positive correlation, 0 is
no correlation, and −1 is total negative correlation.
The 1st PC explains 48% of the variance and shows that
the strength measures are the leading factors distinguishing
participants. Key pinch strength representing the highest loading
is positively associated with grip strength and precision pinch
strength (0.86 and 0.88, respectively). The strength measures
were also moderately positively correlated with BBT and
SD performance (0.48 and 0.68, respectively) and negatively
associated with NHPT (−0.53). The 2nd PC, which explains
an additional 25% of the variance, indicates that coordinated
upper limb function (BBT) is negatively associated with finger
dexterity (NHPT) and grip strength (1.00 vs. −0.99 and −0.61).
Furthermore, the 3rd PC explains another 13% of the variance,
and indicates that sensorimotor coordination (SD) is the sole
contributor and is negatively associated with precision pinch

Data Analysis
Principal components analyses (PCA) were used post hoc to
determine the associations among the dependent measures from
all six assessments. PCA is a data mining procedure that finds the
best linear fit to the data using a series of perpendicular vectors
or principal components (PCs; Clewley et al., 2008). Within each
TABLE 1 | Outcomes measures from all participants.
Outcome Measure

Grip (kg)
Key Pinch (kg)
Precision Pinch (kg)
Box and Blocks (BBT) (score)
Nine Hole Peg (NHPT) (s)
Strength-Dexterity (SD) (g)

Performance

Higher is better
Higher is better
Higher is better
Higher is better
Lower is better
Higher is better
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Mean ± SD

Range

Healthy

CMC OA

Healthy

29.9 ± 13.8
7.9 ± 2.6
6 ± 2.4
59.2 ± 11.9
18.1 ± 5.7
171.4 ± 42.9

17.1 ± 5.6
5.1 ± 1.7
5.3 ± 1.7
55.4 ± 8.8
21.5 ± 5.5
170 ± 39.8

5.7–74.5
2.7–14.9
2.3–14.1
34–86
9.8–33.7
83.5–271.4

3

CMC OA
3.1–31.8
2.0–11.0
2.5–12
29–71
15.6–48
101.7–245.2
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TABLE 2 | Association and dissociation of outcome measures in healthy
older adults.
Metric

1st PC

2nd PC

Grip
Key Pinch
Prec. Pinch
BBT
NHPT
SD
% Contribution
Cumulative

0.86
1.00
0.88
0.48
−0.53
0.68
47.91%
47.91%

−0.61
−0.24
−0.25
1.00
−0.99
−0.05
25.03%
72.94%

3rd PC
−0.04
−0.11
−0.54
−0.11
0.02
1.00
12.83%
85.77%

Normalized loadings for ease of comparison, Underlining in each column indicates
strong (≥0.40) positive and negative correlations, respectively, with the dominant
outcome measure, in bold.
FIGURE 2 | Visualization of Latent Functional Domains in Participants
with CMC OA. The scaled loadings for the outcome measures of the first
three PCs are illustrated above. All loadings are shown, but numerical values
are only listed if they are ≥ ±0.40. The signs of the loadings are indicated by
the direction of the arrowheads.

In participants with CMC OA, the 1st PC accounted
for 51% of the total variance and revealed that outcome
measures of hand strength (grip, key pinch, and precision
pinch) again demonstrate the highest positive associations
(1.00–0.81, respectively). We further report positive and negative
associations with BBT (0.79) and NHPT (−0.90). The 2nd PC
explained an additional 19% of the variance and indicated that
sensorimotor processing (SD test) was the sole contributor and
showed moderate associations with measures of finger strength
(−0.43 and −0.53) and coordinated upper extremity function
(0.62 and −0.52). The SD test again demonstrated the highest
loading in the 3rd PC, which explained 14% of the total variance.
Additionally, we report a moderate positive association with
precision pinch and NHPT (0.74 and 0.42) and a negative
association with BBT (−0.40).

FIGURE 1 | Visualization of Latent Functional Domains in Healthy Older
Adults. The scaled loadings for the outcome measures of the first three PCs
are illustrated above. All loadings are shown, but numerical values are only
listed if they are ≥ ±0.40. The signs of the loadings are indicated by the
direction of the arrowheads. Note that a higher score is better for all test
except for NHPT, where lower is better.

TABLE 3 | Association and dissociation of outcome measures in in older
adults with thumb CMC OA.
Metric

1st PC

2nd PC

Grip
Key Pinch
Prec. Pinch
BBT
NHPT
SD
% Contribution
Cumulative

1.00
0.96
0.81
0.79
−0.90
−0.17
50.54%
50.54%

0.04
−0.43
−0.53
0.62
−0.52
1.00
19.38%
69.92%

Discussion

3rd PC

Understanding the latent domains of hand function has
important implications for both the basic and clinical research
communities. The multidimensional ICF model underscores
the need to examine outcome measures across the three
ICF domains, while at the same time, mapping them to
meaningful functional domains. This holds especially true when
considering the highly complex nature of the hand and its
impact on activity and quality of life. Therefore we applied
a dimensionality reduction technique (e.g., PCA) to datasets
from six hand-specific outcome measures to determine if
and how they mapped into distinct functional domains. We
find that the associations and disassociations among the six
measures we included reveal three interpretable latent domains
of hand function in older adults with and without CMC OA
defined as strength, coordinated upper extremity function, and
sensorimotor processing. It goes without saying that, although
we do not go into detail in this publication, it is important to
also consider the inherent psychometric properties (e.g., level

−0.04
0.32
0.74
−0.40
0.42
1.00
14.08%
84.01%

Normalized loadings for ease of comparison, Underlining in each column indicates
strong (≥0.40) positive and negative correlations, respectively, with the dominant
outcome measure, in bold.

(−0.54). To further explain our results, we provide a visual
representation of the respective loadings for each of the first three
PCs, Table 2 below in Figure 1. We then repeated our analysis in
a group of participants diagnosed with and treated for CMC OA.
Those results are presented numerically in Table 3 and visually
in Figure 2.
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a board, rather than provide information about sensorimotor
coordination or precision strength, and that specificity likely
limits its potential for providing basic information on overall
hand function (Duff et al., 2015). Moreover, the low and
negative correlations among all other outcome measures in the
2nd PC support our prior work where we show that wholearm function is independent of strength and sensorimotor
ability.
The 3rd PC explained another 13% of the variance and also
strongly suggested that the SD test captured a different functional
domain than either of the other two, likely sensorimotor
coordination as our prior work has shown (Valero-Cuevas et al.,
2003; Vollmer et al., 2010; Dayanidhi and Valero-Cuevas, 2014).
The intricacy of the sensorimotor system dictates that it cannot
be quantified with a discreet value or score as with outcome
measures geared towards strength or even coordinated upper
extremity function. Therefore, one should consider the inclusion
of more intricate methods to investigate sensorimotor ability
that are decoupled from strength or whole arm function as
much as possible in order to not dilute the information gained
(Valero-Cuevas et al., 2003). As such, SD test offers a means
to quantify the dynamic interaction between fingertip force
magnitudes and directions during a dynamic sub-maximal pinch
task, which we have shown is informative of sensorimotor ability
(Valero-Cuevas et al., 2003; Talati et al., 2005; Venkadesan
et al., 2007; Vollmer et al., 2010; Holmström et al., 2011;
Dayanidhi et al., 2013; Dayanidhi and Valero-Cuevas, 2014;
Lawrence et al., 2014; Lightdale-Miric et al., 2015; Duff et al.,
2015).
We find evidence in our results that support the fact that
sensorimotor processing is distinct from strength or coordinated
upper limb function. For example, notice that the SD test
is independent of grip and key pinch strength (Figure 1,
3rd PC), and moderately negatively correlated with precision
pinch strength (−0.54) in the same finger posture (i.e., tipto-tip pinch). This complements our prior work that shows
that declines in strength and dexterous manipulation are
disassociated in older adults (Dayanidhi and Valero-Cuevas,
2014). Recall that the SD test, by using compliant slender
springs, requires only very low forces in the order of 3N.
Thus although the ‘‘greatest mean compression force’’ is the
measured variable, in reality the level of force is indicative of
the maximal instability that can be controlled at low force levels.
Secondly, this interpretation of a distinct functional domain of
sensorimotor processing is consistent with functional magnetic
resonance imaging (fMRI) studies showing that: (1) force
production and stabilization, two main features of dexterous
manipulation, are represented by two distinct areas within the
grasping network (Holmström et al., 2011); and (2) the areas
of activation in the sensorimotor cortices are dependent on
task dexterity requirements (Mosier et al., 2011). Finally, in
the 3rd PC, the SD test showed no association with either the
BBT or the NHPT (Figure 1). This combined with the lack of
association in the 2nd PC that we discussed previously supports
the notion that sensorimotor processing represents a domain of
hand function not strongly correlated with coordinated upper
limb function. These results mirror our prior work pertaining

of measurement, reliability, validity, etc.) of outcome measures
when using them as assessment tools. We note that in this
study all outcome measures have been previously shown to be
reliable and valid (see Section Material and Methods for more
detail).
In healthy older adult participants, 86% of the variance
in hand function was explained by the first three PCs with
each individually contributing to between 13 and 48% of the
total variance. The 4th and higher PCs each contributed to
relatively small percentages (4–9%) of total variance and were
not considered in our analysis due to the potential for over
interpretation. Not surprisingly, the 1st PC indicates that the
three hand strength measures tend to be positively associated
with each other (Table 2; Figure 1) and that participants
tend to vary most in their strength scores (i.e., because most
variance is captured by the 1st PC). Thus both hand and
finger strength may be most susceptible to age- and healthrelated declines as they showed the greatest variability among
participants. We also find that there are moderate associations
between the measures of strength and those of coordinated
upper extremity function and sensorimotor coordination. This
supports the notion that, while not critical, at least a lowlevel of strength is required for (and correlated with) successful
completion of daily activities and functional tasks (Skelton et al.,
1994). There are mixed reports about the contributions of
strength to hand function, particularly in older adults. Some
have reported improvements in both maximal force production
and hand function after exposure to exercise training regimens
(Dellhag et al., 1992; Brorsson et al., 2009). In contrast, others
report no correlation between the level of force production
and the ability to open everyday containers (Rice et al., 1998;
Rahman et al., 2002). This agrees with a report that maximal
strength is likely not a critical determinant of daily activities
because they often require low force magnitudes (Smaby et al.,
2004).
In our study, healthy older adults were then best distinguished
by tests of coordinated upper extremity function (BBT and
NHPT; Figure 1, 2nd PC). The 2nd PC accounted for an
additional 25% of the variance and revealed negative associations
with measures of strength and little, if any, association with
sensorimotor processing. Tests of whole arm function do just
that—measure whole arm function. As a result, it is natural to
expect that they will not be as informative of hand function
per se in individuals with, for example, some level of shoulder
or elbow dysfunction. This is not a new problem, and has
been addressed by many groups (Light et al., 1999, 2002;
Duff et al., 2015), which led to the development of specialized
devices with the intention of isolating the hand from the
arm (Memberg and Crago, 1995). The usefulness of outcome
measures featuring such devices is often questioned as they tend
to be specialized for certain hand tasks, making their use as
a widespread assessment of general hand function ultimately
uninformative (Light et al., 1999). Therefore, when evaluating
fine motor control, researchers and clinicians often turn to
the NHPT, a reliable and validated measure of hand dexterity.
Nevertheless, the information obtained from this measure tends
to be limited to one’s ability to pick up and place pegs into
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they are very informative because they are inherently compatible
with ICF classifications of body structure and function, activity
and participation, and inform those classifications with specific
experimental data. That is, strength and sensorimotor processing
fit within the structure and function category; and coordinated
upper extremity function fits within activity (reach to grasp) and
participation (necessary for work, play and ADLs); however it is
not as clear in case of the patients with OA where the domains
are muddled. We note that the ICF itself recognizes that these
classifications are not exclusive because strength is often needed
for work and sensorimotor processing is needed to perform inhand manipulation once objects are picked up, etc. Nevertheless,
in our minds, our results do provide specificity to the ICF criteria
in the context of hand function by providing a link to real-world
outcome measures.
But most importantly, these three functional domains
emerged naturally from the data. As such, our methodology
provides a window into latent contributors to hand function and
means to quantify them. This ability to naturally identify and
quantify functional domains allows us to probe the underlying
physiological mechanisms that enable, impair, or restore general
manipulation ability in everyday life, particularly with respect to
healthy aging and aging with a disability. By corroborating the
existence of these three functional domains in older adults that
we had seen in children, these results suggest that they are present
throughout the lifespan—and are therefore an inherent property
of human hands. The presence of these three latent domains in
both development and aging motivates their study throughout
the lifespan.
Understanding effects of aging on quality of life is now
emerging as an important public health issue (Verbrugge et al.,
1991; Kemp and Mosqueda, 2004; Covinsky, 2006; Song et al.,
2006; Winstein et al., 2012). It becomes even more so when
we consider the added orthopedic and/or neurological effects
when aging with—or into—a disability. In fact, we have a
prior publication showing that both CMC OA and Parkinson’s
pathology exacerbates the aging effect (Lawrence et al., 2014).
As an extension, in this paper we focused on understanding
the latent domains of functions in the context of healthy aging
and aging with a disability. For example, our results suggest an
underappreciated and understudied link between what is at its
core a disease of articular cartilage, and sensorimotor integration
capabilities for dexterous manipulation. This ability to quantify
and describe functional domains should play a central role
when quantifying age-related losses in hand function in general;
and in particulate help us understand and optimize treatments
for thumb CMC OA and other orthopedic and neurological
conditions in our aging populations.

to the development of dexterity in children where sensorimotor
processing was found to be a functional dimension distinctly
different from strength and whole arm coordination (Vollmer
et al., 2010).
Our study also allowed us to investigate the contributions of
each domain of hand function in a group of older adults affected
by thumb CMC OA. The first three PCs suffice to explain 84%
of the total variance in hand function; therefore, we limit our
interpretations to them. Interestingly, the associations among
outcome measures found in healthy adults were altered in the
presence of thumb CMC OA. The latent functional domains
of strength and coordinated upper extremity function seem to
merge and show no association with sensorimotor processing
in the 1st PC (Figure 2), which explained 51% of the total
variance. This suggests that in the presence of the physiological
effects of thumb CMC OA, upper extremity coordination is
no longer its own independent domain and becomes strongly
associated with strength, while dynamic sensorimotor ability
remains an independent domain. Sensorimotor processing is
the leading contributor in the 2nd PC (Figure 2) and showed
moderate associations with outcome measures associated with
finger strength (precision and key pinch) and coordinated
upper extremity function (NHPT and BBT) that were not
present in the healthy participants. This may suggest that the
reductions of both strength and coordinated upper extremity
function often associated with thumb CMC OA (Bagis et al.,
2003; Dominick et al., 2005; Kjeken et al., 2005) place greater
emphasis on sensorimotor processing as a compensatory strategy
for successful hand function. We further report a positive
association of the SD test, which dominated the 3rd PC, with
precision pinch strength (0.74) in participants with thumb
CMC OA (Figure 2, 3rd PC), unlike in healthy participants
where we report a moderately negative association (−0.54;
Figure 1, 3rd PC). This suggests that the pain and anatomical
deformities associated with thumb CMC OA may also alter the
association between the strength and sensorimotor processing
latent domains.
It is important to note that the participants with thumb CMC
OA were all female, while the healthy older adult group was
both male and female to accurately represent the older adult
population. We chose to only test women in the clinical group
because thumb CMC OA is disproportionately more prevalent
in women, starting at the fifth decade of life (Armstrong et al.,
1994; Comtet et al., 2001; Haara et al., 2004); thus finding
suitable male candidates would have been difficult, but also
would have potentially introduced a sex effect in the SD test
that we have reported in the past Lawrence et al. (2014). For
these reasons, we also ran our PCA separately for female and
male healthy participants to compare against the all female
thumb CMC OA group. While we do not show those results for
succinctness, we found that the PCs found in the combined group
of healthy participants remained unchanged when analyzing the
data from only males or females. This gives us confidence that the
differences we report between groups can, in fact, be attributed to
the presence of thumb CMC OA.
How clinically informative of hand function are the three
latent domains of hand function that we found? We argue that
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