
RESEARCH ARTICLE Control of Movement

Motor recovery beginning 23 years after ischemic stroke
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2016.—It is widely believed that most stroke recovery occurs within
6 mo, with little benefit of physiotherapy or other modalities beyond
1 yr. We report a remarkable case of stroke recovery beginning 23 yr
after a severe stroke due to embolization from the innominate artery
and subclavian artery, resulting from compression of the right sub-
clavian artery by a cervical rib. The patient had a large right fronto-
parietal infarction with severe left hemiparesis and a totally nonfunc-
tional spastic left hand. He experienced some recovery of hand
function that began 23 yr after the stroke, 1 yr after he took up regular
swimming. As a result, intensive physiotherapy was initiated, with
repetitive large muscle movement and a spring-loaded mechanical
orthosis that provides resistance to finger flexors and supports finger
extensors. Within 2 yr, he could pick up coins with the previously
useless left hand. Functional MRI studies document widespread dis-
tribution of the recovery in both hemispheres. This case provides
impetus not only to more intensive and prolonged physiotherapy, but
also to treatment with emerging modalities such as stem cell therapy
and exosome and microRNA therapies.

NEW & NOTEWORTHY Widespread bilateral activation of both
sides of the cerebrum and cerebellum are demonstrated on functional
MRI after motor recovery of a completely nonfunctional left hand that
began 23 yr after a severe stroke. This suggests that the generally
accepted window of recovery beyond which further therapy is not
indicated should be entirely reconsidered. Physiotherapy and new
modalities in development might be indicated long after a stroke.
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MOST STROKE SURVIVORS experience some degree of functional
recovery. The extent and the time course of stroke recovery are
variable, depending on such factors as size and location of the
infarction and the quantity and quality of rehabilitation inter-
ventions (Langhorne et al. 2011). In most patients, even in
pediatric stroke, most motor recovery is achieved within 6 mo,
without significant improvement thereafter (Kim et al. 2009;
Langhorne et al. 2011). In consequence, most stroke patients
do not receive physiotherapy after this supposed therapeutic
window and are not always encouraged to train their affected

limbs. In a recent review in Physiology, Jones and Adkins
(2015) said, “Motor system stroke instigates a dramatic and
widespread reorganization of the connectivity of surviving
neurons, involving extensive axonal sprouting, dendritic re-
modeling, and synapse formation in either hemisphere. This is
linked with reorganization of motor and sensory cortical maps,
and bilateral changes in neural activity and functional connec-
tivity patterns.” They emphasized early changes after stroke.

We report a patient that exemplifies the widespread reorga-
nization described by Jones and Adkins (2015) but with a
remarkable delay between the initial stroke and recovery. The
patient had a severe stroke due to compression of the right
subclavian artery by a cervical rib and experienced significant
recovery of left-hand function beginning 23 yr after the stroke.
The widespread distribution of cerebral reorganization in both
hemispheres was shown by functional MRI.

The planned study was submitted to the Western University
Human Research Ethics Board, which exempts case reports
from formal review; a letter of exemption was issued to the
authors and submitted to the Editor.

Case report. In December 1979, a 15-yr-old, right-handed
boy getting off a train in Toronto, Canada, carried a heavy
suitcase the entire way by the right hand, along the length of
the train, the train platform, downstairs, through a tunnel,
upstairs, and across a wide plaza to where his parents awaited
him. He hefted the suitcase up into the trunk of his father’s car.
He got into the back seat, and ~30 s later he keeled over
unconscious. A cervical rib had compressed his right subcla-
vian artery long enough to cause thrombosis back into the
innominate artery, with carotid and vertebrobasilar emboliza-
tion. Initially, a stroke was not suspected.

Several days later, he was transferred from a Toronto hos-
pital to Victoria Hospital in London, Ontario (closer to his
home). He had regained consciousness but was drowsy with
dense left hemiplegia and neglect. There was a large right
frontoparietal infarction. The right hand was ischemic; it was
blue and cold with poor capillary reflux. Angiography, per-
formed 4 days after the event, revealed occlusion of the right
subclavian artery just beyond the site where the clavicle
crossed the cervical rib, complete thrombosis of the subclavian
artery back to the innominate artery, and complete occlusion of
the right internal carotid artery near the petrous bone. Filling
defects thought to be emboli were seen in the right middle
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cerebral, right vertebral, and right anterior mammary artery. He
was anticoagulated because of the ischemia of the right arm,
which recovered spontaneously via collaterals.

He gradually recovered some use of the left leg, shoulder,
and elbow. In April 1980, 4 mo after the stroke, he was able
to walk without support and went back to high school. The
left hand was spastic and nonfunctional, with no movement
for 23 yr.

In 2001, on advice related to his obesity, he took up
swimming on a regular basis. A year later, he reported initial
movements of his left fingers. In 2009, he began intensive
physiotherapy using a spring-loaded mechanical orthosis (the
SaeboGlove) that provides resistance to finger flexors and
supports finger extensors. Recovery has been progressing over
the intervening years, to the point that he can hold objects in
his left hand and even pick up coins and paperclips.

To study neural activity associated with flexion of his right
and left hands, we performed functional magnetic resonance
imaging at 3 T at the Robarts Research Institute, London,
Ontario, Canada.

METHODS

Magnetic resonance imaging. To study neural activity associated
with flexion of his right and left fingers, we performed structural and
functional magnetic resonance imaging (fMRI) on a 3-T Siemens
Magnetom Trio with syngo MR B17 software (Siemens Medizintech-
nik, Erlangen, Germany) at the Centre for Functional and Metabolic
Mapping, Robarts Research Institute, London, Ontario, Canada, on
December 6, 2011. Relaxation time T1-weighted anatomic images of
the brain were acquired using a 3-dimensional magnetization-pre-
pared rapid acquisition gradient-echo (MP-RAGE) sequence with the
following parameters: voxel size 1 � 1 � 1 mm3, field of view
(FOV) � 256 � 256 mm, 192 sagittal slices, slice thickness 1 mm,
repetition time (TR) � 2,300 ms, echo time (TE) � 2.98 ms, inver-
sion time (TI) � 900 ms, flip angle � 9°, integrated parallel imaging
techniques (iPAT) using an acceleration factor of 2, acquisition time
6:26 min. For optimal visualization of the ischemic lesion, a T2-
weighted fluid-attenuated inversion recovery (FLAIR) sequence was
acquired with the following parameters: voxel size 0.46875 �
0.46875 � 3 mm3, FOV � 202 � 240 mm, 38 axial slices, slice
thickness 3 mm, TR � 8,800 ms, TE � 89 ms, TI � 2,476.3 ms, flip
angle � 130°, no acceleration, acquisition time 4:08 min.

For the first fMRI experiment, the patient was asked to open and
close his affected left hand repeatedly as much as possible, approxi-
mately one flexion per second. The closure of the affected hand was
incomplete; the patient could not fully extend his fingers and could not
touch his palm with the tips of his fingers. The distance between finger
tips in maximum flexion and maximum extension was around 2–3 cm.
For the second experiment, the patient was required to perform similar
flexion and extension movements of the unaffected right hand regard-
ing movement amplitude and velocity. Hand movements were studied
using a block design experiment. For each hand, 6 blocks of 20-s
movement alternated with 7 blocks of 20-s rest (no hand movement).

To investigate neural activity during hand movements, a T2*-
weighted blood oxygenation level-dependent (BOLD) echo-planar
imaging sequence was chosen (voxel size 3 � 3 � 3 mm3,
FOV � 240 � 240 mm, 45 axial slices, slice thickness � 3 mm,
TR � 2,500 ms, TE � 30 ms, flip angle � 90°, iPAT factor � 2, 104
volumes, time of acquisition: 4:29 min per run).

fMRI data analysis. Processing of fMRI data was carried out using
FMRI Expert Analysis Tool (FEAT) version 5.98, part of FMRIB
Software Library (FSL; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The fol-
lowing prestatistics processing was applied: motion correction using
MCFLIRT; nonbrain removal using BET; spatial smoothing using a
Gaussian kernel with full-width at half-maximum of 5 mm; grand-
mean intensity normalization of the entire four-dimensional data set
by a single multiplicative factor; and high-pass temporal filtering
(Gaussian-weighted least-squares straight-line fitting). A linear model
was then fitted to the fMRI data. Time-series statistical analysis was
performed using FILM with local autocorrelation correction. Z-statis-
tic images were thresholded using clusters determined by z � 3.1 and
a (corrected) cluster significance threshold of P � 0.001. Linear
registration of functional images to high-resolution T1- and T2-
weighted images was carried out using FLIRT. For the overlay of the
T2-weighted image and the z-statistical activation maps, MRIcroGL
was used (https://www.nitrc.org/projects/mricrogl/).

Functional testing. The Chedoke-McMaster Stroke Assessment
(CMSA) Impairment Inventory for the upper-extremity arm and hand
was performed on April 11, 2017, and compared with previous results.
Each dimension of the CMSA Impairment Inventory is measured on
a seven-point scale with each point corresponding to the seven stages
of motor recovery similar to the Brunnstrom Recovery Stages where
1 is no voluntary movement and 7 is full recovery (Gowland et al.
1993). The CMSA Arm and Hand Impairment Inventory and the
Fugl-Meyer Assessment shoulder, elbow, forearm, wrist, and hand
scale have excellent convergent validity (r � 0.95; Gowland et al.
1993).

RESULTS

Results are presented in Table 1. On the Modified Ashworth
Scale, the patient had increased tone only in his wrist flexors.
On the Box and Block Test, a test of manual dexterity, he
managed 10 blocks in 60 s. He did report using his left hand on
a daily basis for bathing and dressing, but the contribution of
effort is not the same as his unaffected limb.

Functional magnetic resonance imaging. Flexing the fingers
of his unaffected right hand was associated with circumscribed
activity in the contralateral sensorimotor cortex as well as the
ipsilateral supplementary motor area and cerebellum (Fig. 1A).
By contrast, flexing his affected left fingers was associated
with extensive activity in both hemispheres and both sides of
the cerebellum (Fig. 1B).

DISCUSSION

Our patient highlights a rare but serious complication of
thoracic outlet syndrome caused by a cervical rib. A cervical

Table 1. Results of impairment and functional testing

Area Tested
December 1979,a

Stroke Onset
December 2004,b 25 yr

After Stroke
March 2005,c 25.3 yr

After Stroke
May 2007,d 27.5 yr

After Stroke
April 2017,e 37.4 yr

After Stroke

Left arm 1 1 3 3 5
Left hand 1 1 3 3 4

aBased on patient report and the neurological examination by J. D. Spence. bEntered interdisciplinary outpatient rehabilitation program. cDischarged from
outpatient rehabilitation program. dDischarged from a 2nd outpatient rehabilitation program. eAfter treatment in an intensive functional electrical stimulation
outpatient program.
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rib can be found in ~1% of women and 0.4% of men and may
cause brachial neuropathy and compression of the subclavian
artery (Brewin et al. 2009). Pressure on the subclavian artery
may cause a poststenotic dilatation with thrombosis and em-
bolization into the affected arm and embolization into the
ipsilateral cerebral circulation (Lee and Hines 2007).

His case also emphasizes that patients may experience clin-
ically significant recovery of motor function many years after
a large hemispheric stroke, should they undertake intensive and
constant physiotherapy (Luft et al. 2004; McCombe Waller et
al. 2014; Teasell et al. 2012). The unusual late recovery of
finger movements in our patient may have been initiated by the
use of proximal, bilaterally innervated muscles during swim-
ming (Kim et al. 2009). Use of shoulder muscles, paired with
sensory stimulation of the affected hand in water, may have
facilitated neural reorganization of bilateral cortical sensorimo-
tor areas, as demonstrated by fMRI during finger movement
(Jones and Adkins 2015). The combination of general hemi-
spheric activation occurring with exercise (swimming) and
unilateral task-specific rehabilitation training may be respon-
sible for new general and task-specific fMRI activations seen in
this individual (Luft et al. 2004; McCombe Waller et al. 2014).
Whether swimming, therapy, and/or daily life activities were
the contributors to the reported bilateral activation patterns
cannot be determined.

Although the mechanism of the arterial thrombosis was
unusual, in essence this was a large embolic infarction, and the
experience of this patient should be generalizable to large
embolic ischemic strokes in young persons. The ischemia of
the right arm was mild and recovered completely within days
and so seems unlikely to have influenced the course of events.
It seems likely that elderly patients might experience less
recovery.

The current trend in stroke rehabilitation thinking is that
initial motor recovery of the upper-extremity impairment oc-
curs in a fixed proportion (70%) to the initial severity or
baseline motor functioning deficit, assuming the corticospinal
tract is intact and this recovery occurs within the 1st 3 mo
(Winters et al. 2015). This is spontaneous neurological recov-
ery and is thought to be largely independent of any rehabilita-
tion. Three-dimensional kinematics, which look at how recov-

ery occurs, find that after this any recovery associated with
rehab is compensatory in nature or adaptive and that changes in
the central nervous system (brain reorganization) simply reflect
learning how to move differently, using remaining neural
networks to relearn how to move (Hara 2015); it is, however,
not the same as before (even though it may look similar), and
this is the functional improvement. What is unusual about this
case was the improvement in his impairment level as measured
by the CMSA Impairment Inventory of the Upper Extremity.
The widely distributed neural activation shown on functional
MRI suggests that the recovery was based on discovering or
relearning how to use existing neural networks, which is why
the movements are still slow and awkward, although they
reflect a dramatic improvement.

Our patient’s unexpected recovery of hand function, begin-
ning 23 yr after his ischemic stroke, and continuing to improve
over years of intensive physiotherapy, emphasizes that hope
for further recovery should not necessarily be abandoned after
1 or 2 yr of recovery. It may be an impetus to study further with
emerging modalities such as stem cell, exosome, and mi-
croRNA therapies (Chopp and Zhang 2015). Indeed, Steinberg
et al. (2016) gave some indication of delayed recovery with
mesenchymal stem cells in patients with stable chronic isch-
emic strokes. Stem cells were administered between 6 and 60
mo after the stroke. The markedly delayed recovery in our
patient and the widespread recruitment of bilateral areas of the
brain, shown in Fig. 1, indicate the potential for much greater
stroke recovery than is generally assumed.
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Fig. 1. Functional magnetic resonance imaging of movements of the unaffected (A) and affected (B) fingers. Areas active during finger movement are thresholded
at z � 3.1–12 and superimposed on a T2-weighted structural FLAIR image showing the infarction in the distribution of the right middle cerebral artery.
Movement of the unaffected fingers of the right arm (A) is associated with neural activation in the contralateral motor area (1), contralateral sensorimotor cortex
(2), and the contralateral supplementary motor cortex and cerebellar hemisphere (3). Movement of the affected fingers of the left hand (B) is associated with
widely distributed neural activation in both supplementary motor areas (Smith et al. 2004), sensorimotor cortex (Jenkinson et al. 2002) and cerebellar hemispheres
(Smith 2002). The brain images are shown in radiological convention (left side of the image shows right hemisphere).
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