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B Task-Specific Frequencies of Neck Motion Measured in
Healthy Young Adults Over a Five-Day Period
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Study Design. Observational cohort design.

Objective. To provide initial estimates of the frequen-
cies and magnitudes of neck motion during daily activi-
ties in healthy subjects.

Summary of Background Data. Previous studies have
measured the maximum excursions during recreated activ-
ities of daily living (ADLs) in laboratory settings, but there is
a lack of information available on frequencies and excur-
sions of neck motion with ADLs in nonartificial settings.

Methods. Ten healthy young adults were fitted with a
portable motion measurement device that recorded move-
ment about each primary axis. Participants were instructed
to wear the unit continuously over a 5-day period and record
their daily activities with corresponding times. After the col-
lection period, subjects’ activity logs were analyzed and
data were partitioned into 5 categories, which provided the
most primary representation of ADLs: athletics, work, travel,
sleep, and miscellaneous. Each category was further di-
vided into increasingly specific activities (e.g., running and
walking). Frequency of motions within 5° increments was
determined and an hourly rate was calculated for each ac-
tivity. Median motion about each axis for each activity was
also determined.

Results. The total number of movements per hour for all
axes, regardless of amplitude, was highest during athletic
activity and lowest during sleeping. The majority of move-
ments (92% of athletic activity, 90% of work) required less
than 25° of lateral bending, while greater range of move-
ment requirements were observed for flexion-extension
and axial rotation. Less than 6% of movements exceeded
50°. The median range of motion along all axes was highest
for athletic activity and lowest for sleeping.

Conclusion. The results of this study provide preliminary
observations of the frequency and magnitude of neck motion
during normal ADLs for the specified population. These find-
ings can assist physicians and physical therapists in determin-
ing the extent of disability and identifying activities that will
likely be problematic for patients with limited cervical motion.
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Limited cervical range of motion (CROM) as a result
of various disorders can be a major obstacle to the
satisfactory performance of activities of daily living
(ADLs). A recent study by Cagnie et al' found reduced
CROM in patients with chronic whiplash and idio-
pathic neck pain. After cervical laminoplasty, CROM
decreases,” resulting in limited ADL performance®
similar to that following cervical fusion procedures.*
Patients suffering from cervical myelopathy have a sig-
nificantly lower average CROM than healthy individ-
uals® and are often characterized by an inability to
satisfactorily perform ADLs such as ascending stairs
or walking with a normal gait pattern.” To properly
assess and treat such conditions, baseline measure-
ments of neck range of motion during specific activi-
ties are required.

Previous studies have measured the maximum cer-
vical excursions during recreated ADLs in laboratory
settings, but there is a lack of information available on
frequencies of motion with true ADLs performed over
a period of days. Bennett et al® recorded the active
CROM during each of 13 functional tasks; however,
most tasks that required interaction with the environ-
ment, such as crossing the street and backing up a car,
were simulated. Further, the equipment used to mea-
sure CROM was not conducive to use outside of a
laboratory setting, and therefore motion of the cervi-
cal spine could only be characterized by active or end
ROM.¢

The ability to measure and define activities per-
formed in an unrestricted environment, in a manner
that does not result in a reactive effect of monitoring, is
a unique prospect.” Vast improvements have been
made in the use of inclinometers,® gyroscopes,” and
accelerometers'® to enable a portable, objective as-
sessment of movement and physical activity. The sys-
tem used in this study was constructed with the ex-
plicit purpose of measuring neck motion in vivo over
extended periods of time.'! Defining the frequency
and magnitude of CROM will aid in the assessment of
movement avoidance in various patient populations,
the design and implementation of artificial discs, the
creation and utilization of therapeutic methods, and
the assessment of outcomes from these interventions.
Thus, the purpose of this study was to provide initial
estimates of the frequencies and magnitudes of neck
motion during nonartificial daily activities in healthy
young adults.
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Figure 1. Subject wearing the WASP unit. Data sensors attached
with medical adhesive to the mastoid process and the intersection
of the seventh rib and the midaxillary line on the left side of the
body.

B Materials and Methods

Subjects
Ten healthy young adults (6 men, 4 women; age, 22.1 * 1.1
year; height, 177.7 = 10.2 ¢cm; and mass, 73.4 * 13.9 kg) with
no prior spine injury or pathology were recruited to participate
in this study. Each subject gave informed consent according to
a protocol approved by our institutional review board.

Procedure
To record neck motion over the 5-day period, subjects were
fitted with the Wisconsin Analysis of Spine Motion Perfor-
mance (WASP) system, consisting of a portable data logger
(MiniSun LLC, Fresno, CA) and 2 sensor arrays (Figure 1).
Each array was comprised of 2 inclinometers that recorded
angular displacements during flexion—extension (FE) and
lateral bending (LB), with a gyroscope measuring angular
velocities during axial rotation (AR) (Figure 1). Each sensor
array weighs 2 g with the data logger weighing 59 g and
measuring 7.0 X 5.4 X 1.7 cm in size. All data were recorded
(8 Hz) with a timestamp to the data logger’s on-board flash
memory for later downloading to a personal computer for
analysis. The accuracy of the WASP unit was validated
against a materials testing system and optical motion cap-
ture system, which revealed it to be reliable and valid for FE
and LB movements of greater than 3°."' Although the initial
validation indicated AR to be reliable within 10°, correction
of the analysis software has resulted in the detection of AR to
be consistent with the other 2 axes.'?

The sensor arrays were securely positioned on the mas-
toid process and the intersection of the seventh rib and the
midaxillary line on the left side of the body using a medical
adhesive (Medical Spirit Gum 2100, Kryolan, Berlin, Ger-
many), whereas the data logger was attached to the subject’s
beltline (Figure 1). The unit was calibrated before initial

Table 1. Primary Activity Categories Representing All
Day-to-Day Activity

Traveling The subject is walking, biking, driving,
or in some other way traveling to a
location

Sleeping The subject is asleep or laying down

with the intent of falling asleep

The subject is at work or at class or is
working on job or school work

Specified working out/athletics The subject is participating in a sport or
voluntarily exercising

The subject is doing/completing many
various tasks or activities; includes
cooking/eating, cleaning, using
computer/video games/watching
television, relaxing, reading, hanging
out with friends, practicing hygiene
upkeep, or performing many other
common daily activities

The data logger is still recording but the
subject is not wearing one or both of
the sensors. Usually the subject is
showering or participating in an
activity that requires removal of the
unit; occasionally the sensors fall off
and the subject does not immediately
reattach them

Working/class

Miscellaneous

Sensors off

collection and before each new period of data collection to
determine the 3 axes of motion with respect to current sen-
sor position. Participants were instructed to wear the unit
continuously throughout a 5-day period (at least one of
which was a weekend day) but were told to remove the
sensors and data logger before showering, swimming, par-
ticipating in a contact sport, or performing any other activity
that could have damaged the unit. Subjects were given stan-
dardized instructions to record their daily activities with
corresponding start and end times in a provided journal.
Once every 24-hour period, an investigator met with the
subject to download data, recalibrate the unit for the start
of the next collection period, and address any questions. If
the subject removed the unit or the sensors became loose in
the middle of the 24-hour period, the subject was instructed
to reattach the sensors as close as possible to their initial
position.

Data Processing
Following the 5-day collection period, the data were im-
ported into a commercial software package (Actview,
MiniSun LLC, Fresno, CA) and visually examined. Regions
of data when the sensors were detached, and the data logger
was still recording were removed. Neck motion along each
primary axis was defined as the difference between the re-
spective sensor axes located on the mastoid and thorax. Us-
ing custom algorithms (Matlab, The Mathworks, Inc.,
Natick, MA), AR position was determined through integration of
the recorded angular velocity. Position data from each axis were
then processed to identify motion peaks, defined as the point when
the signal slope changes sign and the magnitude of the motion is
above a threshold of 3°. This threshold was based on prior vali-
dation testing of the WASP system. '’

Subjects’ activity logs were analyzed and data were par-
titioned into 5 primary categories based on the nature and
distribution of activities reported: athletics, work, travel,
sleep, and miscellaneous (Table 1). Each category was fur-
ther divided into increasingly specific activities. The athletics
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category was composed of running, lifting weights, and light
activity. The travel category was divided into periods of
walking, biking, and driving. The miscellaneous category
represented the majority of subjects’ daily activities that
were performed when not sleeping or working. Due to the
variety of activities included in this category, each miscella-
neous activity was further classified into one of 3 groups:
high (shopping/errands), medium (cooking/eating), and low
(watching television/relaxing) activity. A minimum of 3 sub-
jects or 5 separate occurrences reported were required for a
subcategory analysis. Some miscellaneous activities re-
corded were only performed by 1 or 2 subjects (playing
cards/games) and thus were not analyzed as a subcategory
but are still included in the larger miscellaneous category,
resulting in the total hours of the subcategories not summing
to the total hours of the primary categories.

Statistical Analysis

To characterize the frequency and magnitude of neck motion
during each activity, motion magnitudes between consecu-
tive peaks were calculated, with the frequency of motions
within 5° increments determined. The number of movements
per hour for each activity category was calculated by divid-
ing the total number of peaks within each increment by the
total time a subject performed the activity. The median mag-
nitude of motion for each activity category was computed.
Activity log data were also divided based on the day of the
week the unit was worn, with the average number of move-
ments per hour determined for each day. All calculations
were repeated for each axis of motion.

H Results

Compliance

One subject failed to submit an activity log and as a
result was excluded from all analyses. The amount of
time the subjects actively wore the WASP system
ranged from 69.5 to 117.5 hours, whereas 5.0 to 39.0
hours per subject were classified as “sensors off” (Fig-
ure 2). Approximately 3.6% of total recorded time
was lost due to errors that occurred during data trans-
fer from the data logger to the personal computer,
incorrect placement of the sensors, or the data logger
prematurely ending the recording.

Frequency of Motion
The total number of movements per hour for all axes,
regardless of amplitude, was highest during athletic
activity and lowest during sleeping (Table 2). The total
number of movements per hour during athletic activity
was 2 to 3 times that of work, depending on the axis of
motion. Similarly, the number of movements per hour
during sleep was considerably less (5.7%-7.9%) in
comparison with work. The majority of these move-
ments (92% of athletic activity, 90% of work) re-
quired less than 25° of LB, whereas greater range of
movement requirements were observed for FE and AR
(Figure 3). Only 4.3%, 1.1%, and 5.5% of FE, LB, and
AR movements, respectively, exceeded 50°. Periods of
running and walking produced an increased occur-
rence of motions beyond 25° on the FE axis. During
running, only 42% of cycles were less than 25° com-

TRAVEL
2%

SENSORS OFF
13%

SLEEP
33%
MISC
38%
'WORK/CLASS
12%

ATHLETICS

2%
Figure 2. Combined total of recorded daily activities from all
subjects, partitioned into primary activity categories. See Table 1

for categorical definitions. Data from subject 6 has been excluded
due to incomplete activity log.

pared with 68% for AR and 93% for LB. The average
number of movements per hour across all subjects was
highest on Mondays and Wednesdays and lowest on
the weekends, along all axes (Table 3).

Median Motion
The median range of motion along all axes was highest
for athletic activity and lowest for sleeping along the AR

Table 2. Mean (SD) Number of Movements per Hour
(x10%) Among All Subjects for Each of the 5 Primary
Activity Categories

Lateral Axial

Flexion—Extension Bending Rotation
Athletics 8.5(7.5) 46(4.7) 3.4(2.6)
Running 14.3(8.6) 8.6 (5.4) 5.4(3.3)
Lifting weights 5.1(1.6) 2.1(0.5) 2.2(0.5)
Light intensity 4.0(0.7) 1.8(0.2) 2.0(0.2)
Travel 6.1(5.1) 2.4(1.9) 2.2(1.5)
Biking 9.1(3.2) 3.0(1.5) 2.7(1.1)
Driving 3.1(2.8) 1.4(0.8) 1.4(0.9)
Walking 10.4 (4.4) 4.2(2.2) 3.7(1.8)
Work 3.3(1.6) 1.5(0.6) 1.6 (0.5)
Miscellaneous 3.0(2.1) 1.3(0.9) 1.4 (0.8)
High 4.1(1.9) 1.8(1.0) 1.8(0.8)
Shopping/errands 42(1.2) 1.8 (0.6) 1.9(0.6)
Getting dressed/ready 4.2(1.8) 1.8(1.2) 1.9(0.9)
Out with friends 4.0(2.5) 1.9(0.8) 1.7(0.6)
Medium 2.9(1.8) 1.3(0.7) 1.4(0.7)
Cooking/eating 35(1.8) 1.6 (0.7) 1.7(0.6)
Undefined 26(1.7) 1.2(0.6) 1.3(0.6)
Multi-categorical 3.1(2.0) 1.4 (0.9) 1.5(0.8)
Low 14(1.2) 0.6 (0.5) 0.7 (0.5)
Reading/studying 1.6(1.7) 0.5(0.5)  0.6(0.6)
TV/movie/relaxing 1.3(1.1) 0.7 (0.5) 0.8(0.5)

Sleeping 0.2(0.2) 0.09 (0.08)  0.1(0.08)
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Figure 3. The average number of movements per hour of the
cervical spine for A, Flexion-extension; B, Lateral bending; and C,
Axial rotation. Less than 6% of the movements exceeded 50°. Error
bars represent +1 SD.

and FE axes (Table 4). While subjects were awake, the
specific activity that produced the lowest median range
of motion was driving, with 8, 9, and 10° of movement
for LB, FE, and AR, respectively.

B Discussion

Previous information available on CROM during
daily activities was restricted to laboratory-based
measurements during simulated activities. Our find-
ings provide preliminary observations of average neck
motion over an extended period of time, both in fre-

Table 3. Mean Number of Movements per Hour (x10%)
Among All Subjects for Each Day of the Week

Lateral Axial
Flexion-Extension Bending Rotation
Monday 2.2 1.0 1.0
Tuesday 2.1 0.9 1.1
Wednesday 2.3 1.0 1.1
Thursday 1.8 0.8 0.9
Friday 2.0 0.8 0.9
Saturday and Sunday 1.7 0.8 0.8

quency of movement and magnitude per excursion,
throughout a wide range of ADLs. Although the stan-
dard clinical measure of CROM is maximum active
range of motion, the fact that so few movements occur
beyond 50° suggests that frequency and total motion
may be useful information for the health care pro-
vider.

Recent studies have attempted to use neck motion
magnitudes to characterize a variety of disorders in-
volving neck pain. Dall’Alba et al'® found that post-
whiplash patients have significantly decreased ROM
in all primary movements, whereas Johnston et al'*
showed that female office workers with neck pain have
demonstrated reduced AR range. Although reduced
CROM is representative of these disorders, it is un-
clear if or how the reduced ROM is actually inhibiting
the patient’s daily activities. A more functional mea-
surement could be to compare activity-related fre-
quencies and total excursion with a set of age-matched
healthy subjects.

When CROM is lost due to injury, age, or other con-
ditions, it is typically characterized as a loss at end range
of motion. For example, CROM due to aging decreases
at a rate of roughly 5° every 10 years.'® Due to the fact
that such a small percentage of motion occurs at magni-
tudes large enough to require full CROM, loss of end
range of motion may not be the primary factor in re-
duced performance of ADLs. Thus, a more complete
analysis of these patients in terms of total excursion and
movement frequencies might provide a better character-
ization of disability.

The results of this study show greater total cervical
motion for higher intensity activities and less total
cervical motion for lower intensity activities across all
3 axes. Each axis had the greatest amount of motion
for athletic activity, followed by travel, work, miscel-
laneous, and sleeping. The majority of movements re-
quired less than 25° of motion, whereas a small per-
centage of movements (<6%) were greater than 50°.
The median range of motion interval was also higher
for greater intensity activities and lower for less in-
tense activities. Although athletic activity represented
the highest median CROM and sleeping resulted in the
lowest, the medium intensity activities such as work,
travel, and most miscellaneous categories were quite
similar in terms of median excursion.

An unexpected finding of this study was that periods
of running and walking produced an increased occur-
rence of motions beyond 25° on the FE axis. Subsequent
laboratory testing involving synchronous recording of
cervical motion during running from the WASP system
and an optical motion capture system revealed the WASP
unit to consistently record a greater frequency and mag-
nitude of motion specific to the FE axis. As this finding
did not appear in any other activity or movement cate-
gory, we are confident that it is the result of either excess
motion of the rib sensor (through arm or skin move-
ment), or a jarring effect of forceful foot-to-ground im-

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Table 4. Median Range of Motion Interval (°) Among All Subjects for Primary and Secondary Activities

Flexion/Extension Lateral Bending

Axial Rotation Total Hours of Data Collection Total Subjects

Athletics 18 12
Running 27 13
Lifting weights 15 10
Light intensity 14 1

Travel 12 10
Biking 13 12
Driving 9 8
Walking 19 9

Work 13 10

Miscellaneous 13 10
High 14 10

Shopping/errands 13 9
Getting dressed/ready 14 10
Out with friends 16 10
Medium 13 10
Cooking/eating 14 1
Undefined 13 10
Multi-categorical 13 10
Low 10 10
Reading/studying 10 9
TV/movie/relaxing 12 10
Sleeping 9 10

16 19.4 8
19 3.1 4
15 5.7 3
13 5.3 3
12 232 8
15 45 2
10 16.0 7
12 1.7 4
14 116.5 8
13 358.8 9
13 927 9
14 23.0 8
14 18.6 8
12 313 5
13 195.3 9
14 17.1 6
12 107.5 8
13 60.6 8
n 70.8 9
10 17.1 4
12 53.1 8
8 320.3 9

pacts (more pronounced with running). Thus, the FE
motions reported during running should be interpreted
with caution.

The average frequency of cervical motion between the
days of the week (Table 4) indicates that the subject
population was less active on the weekends than the
weekdays. This may be due to the fact that the majority
of the data collections (8 of 10) were taken during the
summer months of May through August, when most col-
lege-aged individuals are working or enjoying recre-
ational activities, not sitting in class on the weekdays.
Thus, the subject population and time of the year likely
influenced the between-day differences in motion.'°

The need to remove the sensors and data logger
before participating in activities that could damage the
unit (e.g., most contact sports, swimming) likely re-
sulted in an under-representation of the amount of
time spent being physically active, as these periods
were categorized as “sensors off.” In general, it ap-
pears that both the athletics category and the travel
category times were less than the amount of time the
subjects actually spent performing these activities. The
travel category was likely under-reported because sub-
jects did not necessarily think of driving or walking to
the store as traveling. Most subjects recorded longer
excursions, but few recorded walks, bikes or drives of
15 minutes or less. In addition, although we reported
data for individual activities within each category (Ta-
ble 4), some of these specific activities were performed
by 3 or fewer subjects (e.g., lifting weights, light inten-
sity athletics, biking). Thus, the generalizability of
these estimates may be limited.

The use of activity logs have shown that subjects are
able to produce an accurate record of daily activities
when given proper instructions.'® A limitation of the
current study was that subjects were not given very strict

guidelines regarding the activity logs. The less accurate
logs made it difficult to identify the corresponding WASP
data, resulting in these data being either classified as un-
defined or multicategorical, or being excluded from the
analysis. Fortunately, only 3.6% of the total data were
omitted in this way with most activity logs providing
sufficient detail. A more standardized method has since
been designed to improve the validity and reliability of
the subject logs in future studies.

Quantifying CROM frequency and magnitude may
enable researchers and clinicians to better characterize
mechanisms of, and compensations to, injury. For exam-
ple, the presence of neck pain in office workers has been
related to prolonged posture and repetitive move-
ments.'” The use of frequency data and continuous mo-
tion monitoring could aid researchers in exploring these
relationships by identifying specific positions and vol-
ume of repetitive movements. In addition, individuals
with visual or vestibular dysfunctions have been found to
adopt compensatory head postures with limited neck
motion.'® Continuous motion monitoring could be used
to determine the extent of movement avoidance and
compensatory strategies used by these individuals to
complete ADLs.

H Conclusion

The results of this study provide preliminary observa-
tions of the frequency and magnitude of neck motion
during normal ADLs for healthy young adults. These
findings can assist physicians and physical therapists in
determining the extent of the disability and identifying
activities that will likely be problematic for patients with
limited cervical motion. Additional research should fo-
cus on exploring the associations between various disor-
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characterization of the disability.

H Key Points

e The objective of this study was to provide initial
estimates of the frequencies and magnitudes of
neck motion during inartificial daily activities in
healthy subjects.

e Greater total cervical motion for higher intensity
activities were observed across all 3 axes with less
total cervical motion for lower intensity activities.
e The majority of movements (92 % of athletic ac-
tivity, 90% of work) required less than 25° of lat-
eral bending, while greater range of movement re-
quirements were observed for flexion—extension
and axial rotation. Less than 6% of movements
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