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A B S T R A C T

People in chronic phase of traumatic brain injury (TBI) are of-

ten told that there will be no further recovery in brain function

that they are in a “static phase.” Holistic Approach to NeuroDe-

velopment and Learning Efficiency (HANDLE�), an alternative

therapy, aims to improve function by teaching a series of phys-

ical and mental activities that clients perform and encouraging

changes in lifestyle. Five subjects (3 males) with chronic TBI

(at least 3 years since ictus) completed the HANDLE Institute’s

program and were prospectively evaluated. Each had six re-

gional cerebral blood flow (rCBF) single-photon emission com-

puted tomography (SPECT) scans over 7 months (scans n =
30). Paired scans were performed with injection of Tc-99m ECD

to image rCBF at rest and during the HANDLE “Crossed Arm

Bounce” (CAB) exercise before the program, at 3-4 months into
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the program, and at 6-7 months, after the program had ended.

SPECT images were analyzed statistically using Neurostat in

which image sets were coregistered and warped into Talaraich

atlas for pairwise subtraction between conditions. Group anal-

ysis of SPECT showed that CAB activated (increased rCBF)

vermis and cerebellar hemispheres in first two paired scans

and anterior cingulate and vermis on the final pair. Increased

rCBF at rest occurred in cerebellar hemispheres, vermis, and

right dorsomedial frontal cortex. These preliminary observations

suggest that there may be a role of the hindbrain (vermis and

cerebellum) with HANDLE treatment of chronic TBI.
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Introduction

Traumatic Brain Injury (TBI) occurs in epidemic propor-

tions and causes death and disability to millions.1 Chronic

TBI patients suffer from cognitive, physical, and emo-

tional impairments for which there may be little gain

despite intense efforts. The Holistic Approach to Neuro

Development and Learning Efficiency (HANDLE�)

Institute’s program of therapy for TBI is a com-

plementary and alternative approach as a behavioral

(nonmedicinal) therapy.2 Imaging of regional cerebral

blood flow (rCBF) with single-photon emission computed
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Table 1. TBI Subjects

1. Male; age 45; moderate TBI (GCS 12) 10 years ago; mechanism: assault

2. Male; age 22; mild TBI 4 years ago (GCS 15); mechanism: slow vehicle collision

3. Female; age 46; mild TBI (GCS 15) 6 years ago; mechanism: fall

4. Male; age 48; severe TBI 23 years ago (GCS 3T); mechanism: high speed vehicle crash

5. Female; age 22; severe TBI 5 years ago (GCS 3T); mechanism: high speed vehicle crash

tomography (SPECT) has been used to evaluate TBI with

high sensitivity.3-5 Also, rCBF SPECT can capture “real-

life” events with fairly good temporal resolution, as the

uptake in brain after injection is maximal within 2 minutes

or less. Both resting state and short, repetitive, therapeutic

exercises could be imaged at rest, with activity and also,

over time. Any number of motor tasks could be selected

to study, but specific testing of a HANDLE activity was

the goal of this pilot study. The hypothesis is that SPECT

may reveal changes in rCBF in people with chronic TBI

who are undergoing this treatment.

Materials and Methods

Inclusion criteria for subjects were history of blow or

force to the head with or without loss of consciousness

over 3 years ago and perceived ability to cooperate with

and complete the HANDLE program. Exclusion crite-

ria were age above 50 years, any concurrent or prior

neurologic disease (eg, epilepsy or stroke), any premor-

bid psychiatric disease, and pregnancy. The study was

offered to all people meeting the above criteria who had

decided to enter the HANDLE program in Seattle. Seven

people met criteria, but two declined informed consent.

Five subjects who were recruited for the observational

imaging study signed informed consent. See Table 1 for

subject information. At time of remote ictus, there were

two with mild TBI Glasgow Coma Scale (GCS) 15, one

moderate TBI GCS 12, and two severe TBI GCS 3T.

All subjects had recovered to a state of competency such

that GCS at time of recruitment and informed consent

was 15; however, all complained of impairments in ac-

tivities of daily living and one was wheelchair bound.

The subjects with mild TBI had no anatomic imaging

in the acute setting. The subject with moderate TBI had

occipital lobe contusion on CT. The 2 subjects with se-

vere TBI had diffuse axonal injury and frontal contusions

on imaging. This study was approved by the Univer-

sity of Washington Human Subjects and Radiation Safety

Committees.

Crossed Arm Bounce Motor Task Description

The HANDLE exercise that was investigated via imaging

in all the subjects was the Crossed Arm Bounce (CAB)

task. The CAB is a complex motor task.

Please see the Appendix for HANDLE Institute’s de-

scription of the task. This task is taught to the individuals

for use at home among a regimen of activities. Each sub-

ject had a home support person (family or caregiver) that

reminded and encouraged each subject to perform the

daily tasks. These same support people were available to

help guide subjects through the task and monitor for suc-

cess. The HANDLE staff also monitored for successful

performance of the task and other HANDLE activities.

Videotapes of the task were also provided.

rCBF SPECT Imaging

SPECT images were acquired 1 hour after injection

on Prism 3000 (Philips Medical Systems, Bothell, WA)

equipped with UHR fan beam collimators. Scan param-

eters were step and shoot, 120 stops (25 sec/stop). Image

reconstruction was via low-pass filtered backprojection

(order 4, cutoff 0.27) into transverse axial slices with uni-

form attenuation correction with 0.11 cm−1 coefficient

by the Chang boundary ellipse, slice-by-slice automated

fitting method on Odyssey Computer (Philips). As a con-

trolled pilot project, the first two scans were done before

entry into the HANDLE program to serve as a control

for the last four scans, the difference being that the lat-

ter four were performed during and after the HANDLE

treatment. Separate day (>48 h) rCBF imaging was per-

formed with injection of 30 mCi Tc-99m ECD (Ethyl

cysteinate dimer, BMS Medical Imaging, North Billerica,

MA) at rest and also during the HANDLE CAB exercise

at approximately 15 seconds into the exercise which lasts

approximately 2 minutes. Injections with task were per-

formed regardless of the quality of the performance and

each subject had performed approximately 10 CABs at

injection. Injections at rest were performed with subjects

seated, eyes open, ambient low-level background noise

and ambient lighting with no stimulation, and no talking

for 10 minutes. Subjects had the paired scans before start

of the program, at 3-4 months into the program, and at

6-7 months, after the 6-month program had been con-

cluded (total scans n = 30). At entry into the project, the

rest scans were always performed first. However, the lat-

ter two pairs were assigned to occur on a randomized

basis: rest 1st or activity 1st or vice versa.
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Fig 1. These images are in same format as Figure 2 except that the subtraction performed is between the last resting

SPECT scan which was done after therapy had been completed and the 1st resting SPECT scan which was done before

commencement of therapy. The arrows point to the vermis and the right medial frontal cortex as two areas that have increased

the resting regional flow compared to the initial scans using global average brain activity for normalization (Z = 4).

Fig 2. These images represent the brain going from leftmost to rightmost across the page in a stereotactic surface projection

format: right lateral; left lateral; superior (left is on left); inferior (left is on right); coronal anterior (left is on right); coronal posterior

(left is on left); right medial; and left medial. Data are group analyses by registration, nonlinear warping and pairwise subtraction

between conditions using global average brain activity for normalization. The threshold for significant change was Z -score of 4

and denoted by bright yellow hue. Arrows point to cerebellar hemispheres and vermis as areas of significant activation across

all 5 subjects in the 1st ever CAB performance.

DICOM SPECT data were then transferred to a PC

computer for image analyses with Neurostat software.6

The analysis was fully automated, obviating observer bi-

ases. Multiple image sets obtained from the same subject

were realigned to the same orientation using an iterative

rigid body transformation.7 These image sets were then

warped into the stereotaxic Talaraich atlas, minimizing

individual differences in the shape of the brain.8 Pairwise

subtraction analyses were performed between conditions

using global average counts per pixel for normalization,

and subtracted images were averaged across subjects,

Fig 3. These images are in the same format as in Figure 2. In this second SPECT imaged CAB performance which was

done at several months into the program, arrows show only the vermis reaches statistical significance (bright yellow hue) for

activation across all 5 subjects (Z > 4). CAB was practiced daily by the subjects.

Fig 4. These images are in same format as in Figure 2. In this final SPECT imaged performance of the CAB, statistically

significant activation is seen in the vermis and in the anterior cingulate gyrus (bright yellow hue) shown by arrows (Z > 4).

resulting in one-sample t statistic image sets that were sub-

sequently converted to Z score maps using a probability

integral transformation.9 Based on a theory of smoothed

stochastic process, Z -score of 4 was determined to be the

statistical threshold to control multiple pixel comparisons

within the entire brain10 for increased perfusion.

Results

Neurostat analyses of grouped, state SPECT data showed

that there was increased regional cerebral perfusion at
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rest comparing end scans with beginning scans in cere-

bellar hemispheres, vermis, and in right dorsal medial

frontal cortex (Fig 1) and that CAB consistently activated

the vermis and cerebellar hemispheres in 1st paired scans

obtained in all 5 subjects before treatment began as shown

in Figure 2. The 2nd pair also showed activation of vermis

and cerebellum at 3-4 months into treatment as shown in

Figure 3. On the 3rd pair at 6-7 months (Fig 4), after the

therapy had been concluded, the CAB activated vermis

and anterior cingulate cortex, but not the cerebellar hemi-

spheres. Thus, increased resting activity in cerebellar

hemispheres over the course of therapy was present in

the setting of no activation of cerebellar hemispheres on

last CAB session.

Neurostat analyses of each individual’s CAB minus rest

SPECT data are shown in Figure 5. There is substantial

variation between and within subjects at each session and

over time. CAB minus rest analysis was chosen for the

rationale to probe areas of brain that might have been

activated with CAB but not increased at rest.

Discussion

This pilot project’s goal was to image brain activity in

TBI clients going through an alternative therapy called

HANDLE. Imaging of rCBF SPECT was made at rest

and with a HANDLE task, CAB, at three times over

6 months of treatment. Patterns of evoked rCBF increase

with CAB progressed from cerebellar and vermis activa-

tion to vermis and anterior cingulate gyrus activation over

the course of treatment. In addition, increased rCBF at

rest was noted in vermis, cerebellum, and in right dorsal

medial frontal cortex. Increases in resting regional activ-

ity on SPECT were also seen by Laatsch et al in a study of

5 TBI subjects undergoing cognitive rehabilitation ther-

apy.11 These authors hypothesized that the changes were

due to brain plasticity as changes in rCBF appeared to be

related to improvements in neuropsychological tests.

Activation imaging with SPECT during classical neu-

ropsychological (or complex motor like CAB) tasks pro-

vides the most natural setting for probing brain func-

tion.12,13 SPECT imaging allows injections and scans to

be separated in time and space, which cannot be done

with either rCBF positron emission tomography (PET) or

functional magnetic resonance imaging. Activation imag-

ing with F-18 fluorodeoxyglucose (FDG) PET can be

done with task injection outside of the scanner. How-

ever, due to the uptake phase of FDG into brain, the

task employed would need to occur for nearly 30 min-

utes to measure the metabolic response. Drawbacks to

rCBF SPECT include that radiopharmaceutical uptake

is not precisely linear with rCBF and that SPECT is not

Fig 5. These images represent individual subject CAB mi-

nus rest rCBF SPECT subtractions using global normalization

and 20% difference threshold. First column is 1st CAB minus

rest, 2nd column is 2nd CAB minus rest, and 3rd column is

final CAB minus rest. Images on 1st, 3rd, 5th, 7th, and 9th

rows are stereotactically aligned (by Neurostat) mid-thalamic

transverse slice images and images on 2nd, 4th, 6th, 8th, and

10th rows are mid-cerebellar transverse slices. Subject one

is 1st two rows, subject two is 3rd and 4th rows, subject three

is 5th and 6th rows, subject 4 is 7th and 8th rows, and sub-

ject 5 is 9th and 10th rows. These images show substantial

variability between subjects and within subjects for activation

at a 20% difference threshold for each CAB performance.
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quantitative in absolute values.14 Yet, the SPECT tech-

nique is count based and can be used as a semiquantita-

tive blood flow measure in comparing regional brain to

global brain activity.

In this study, individual variations between subjects

and sessions make it challenging to draw any conclusions

from any one case. However, group analyses by Neurostat

indicated common activations in hindbrain at all CAB

sessions.

The cerebellum is involved not only in motor coordi-

nation but also in the domains of cognition, affect, and

sensation in both healthy humans and diseased individ-

uals.15-17 The complex, temporal interactions of cerebel-

lar Golgi, granule and Purkinje cells are likely involved

in working memory and timed-response tasks.18 Plastic

changes in parallel fiber synapses on Purkinje cells are

shown in motor learning19 and reversal of motor mem-

ories.20 As motor skills are learned, cerebellar plasticity

occurs in learning of experience-dependent movements

and in adaptation to environmental perturbation in nor-

mal humans.21,22

To evaluate whether similar results would have been

obtained with other motor tasks, other studies would be

required. But, it is likely that cerebellum is involved in

repetitive, rhythmic motor tasks (eg, dysdiadochokinesia)

and that the decreasing activation seen in the cerebellum

over time in this pilot work, accompanied by the interval

increase in perfusion at rest in the cerebellum over time,

might occur with other frequently practiced motor tasks.

Whether it was truly the HANDLE program and the CAB

that caused these changes could only be assessed by a

test retest of the CAB without therapeutic intervention

between the tests.

In summary, these results suggest change of brain acti-

vation over time from hindbrain to forebrain with HAN-

DLE treatment. Further well-controlled and more highly

powered research will be necessary to more objectively

evaluate the perceived changes in brain imaging which

could be correlated with cognitive function in therapy of

chronic TBI.

Appendix: Crossed Arm Bounce

Benefits

This activity enhances tactility, differentiation, bilateral/

interhemispheric integration, kinesthesia, and visual

functions. It also enhances memory and word finding

abilities.

Materials

To perform the basic exercise, a table and chairs are rec-

ommended. Sometimes pictures or flashcards may be

used for certain variations. Often a helper is useful.

Procedure

1. Seat yourself at a table, placing both forearms on the
table, crossed approximately at mid-forearm. Place your

arm underneath and your on top.∗
2. With your hands positioned as described above, using

the elbow as a hinge, lift the forearm and hand of the arm
that is on the bottom, keeping your other arm resting on
top of the moving arm. Then lower your hands until the
fingertips tap on the tabletop, making sure that the arm
on top rests on the lower one throughout the movement
pattern.

3. Repeat this movement a second time, making sure your
elbows remain on the table, sustaining a steady rhythm.

4. Then begins a steady rhythmic upward movement of one
hand at a time for two beats, raising your forearms with
each beat, making sure to keep your elbows on the table.
When you raise and lower the bottom hand twice rhyth-
mically, the top hand must accompany it, allowing itself
to be carried. When you raise and lower the top hand,
the bottom hand remains still, but is “kept informed” of
the pattern by sensing the movement of the other hand.

5. Now, keep the bottom arm quiet on the tabletop, and, us-
ing the elbow as a hinge, lift only the forearm and hand of
the top arm, sustaining a steady up-down rhythm, and al-
lowing the fingers to tap on the table when they complete
the pattern. Repeat this pattern, so you tap twice with the
top arm being active and the bottom one remaining still.

6. The first goal is achieving a rhythmic beat of 1-2, 1-2,
without raising either arm inappropriately.

7. Once a steady rhythm can be maintained, the dominant
hand becomes the speaker (regardless of whether it is the
top hand or the bottom one), and the nondominant hand
remains silent. Usually the first task is to count from 1 to
12, reciting aloud one number simultaneously with each
tapping of the dominant hand only. When the nondom-
inant hand taps, you say nothing and try to remember
your place in the sequence, in order to return to it imme-
diately and synchronously with the rhythmic tapping of
the dominant hand. Your counting will sound something
like this: 1-2, 3-4, 5-6, , etc.

8. When you can count to 12 maintaining the pattern of
tapping, then count backward from 12 to 1. (If you are
very comfortable counting, you may begin by counting
from 1 to 20 and then backward from 20 to 1.)

Reprinted with permission from The HANDLE Institute.
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