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Abstract

Background and Objectives

The classic and singular pattern of distal greater than proximal upper extremity motor deficits
after acute stroke does not account for the distinct structural and functional organization of
circuits for proximal and distal motor control in the healthy CNS. We hypothesized that
separate proximal and distal upper extremity clinical syndromes after acute stroke could be
distinguished and that patterns of neuroanatomical injury leading to these 2 syndromes would
reflect their distinct organization in the intact CNS.

Methods

Proximal and distal components of motor impairment (upper extremity Fugl-Meyer score) and
strength (Shoulder Abduction Finger Extension score) were assessed in consecutively recruited
patients within 7 days of acute stroke. Partial correlation analysis was used to assess the
relationship between proximal and distal motor scores. Functional outcomes including the Box
and Blocks Test (BBT), Barthel Index (BI), and modified Rankin scale (mRS) were examined
in relation to proximal vs distal motor patterns of deficit. Voxel-based lesion-symptom mapping
was used to identify regions of injury associated with proximal vs distal upper extremity motor
deficits.

Results

A total of 141 consecutive patients (49% female) were assessed 4.0 = 1.6 (mean = SD) days
after stroke onset. Separate proximal and distal upper extremity motor components were
distinguishable after acute stroke (p = 0.002). A pattern of proximal more than distal injury
(ie., relatively preserved distal motor control) was not rare, observed in 23% of acute stroke
patients. Patients with relatively preserved distal motor control, even after controlling for total
extent of deficit, had better outcomes in the first week and at 90 days poststroke (BBT, p = 0.51,
p <0.001; BL, p = 0.41, p < 0.001; mRS, p = 0.38, p < 0.001). Deficits in proximal motor control
were associated with widespread injury to subcortical white and gray matter, while deficits in
distal motor control were associated with injury restricted to the posterior aspect of the
precentral gyrus, consistent with the organization of proximal vs distal neural circuits in the

healthy CNS.
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Glossary

BBT = Box and Blocks Test; BI = Barthel Index; DI = distal individuation; FE = finger extension; M1 = primary motor cortex;
mRS = modified Rankin scale; NIHSS = National Institute of Health Stroke Scale; PI = proximal individuation; PMd = dorsal
premotor cortex; PMv = ventral premotor cortex; pre-SMA = presupplementary motor area; S1 = primary somatosensory
cortex; SA = shoulder abduction; SMA = supplementary motor area.

Discussion

These results highlight that proximal and distal upper extremity motor systems can be selectively injured by acute stroke, with
dissociable deficits and functional consequences. Our findings emphasize how disruption of distinct motor systems can
contribute to separable components of poststroke upper extremity hemiparesis.

Upper extremity motor control contains both proximal and
distal elements. Proximal elements include shoulder strength
and the ability to isolate movement (i.e., individuate) of the
shoulder and elbow. Distal elements include finger strength
and individuation (i.e., the ability to precisely control in-
dividual fingers). Studies using anatomical tracing, electrical
stimulation, and neuroimaging in both nonhuman primates
and humans have revealed that proximal vs distal upper ex-
tremity movements are distinctly organized throughout the
neuro-axis. Proximal upper extremity movements are repre-
sented in a number of cortical areas spanning primary
motor, premotor, and supplementary motor cortices'* and
bilaterally.>® By contrast, distal movements are represented
more focally, primarily isolated to contralateral primary motor
cortex.”'® Descending corticofugal axons enabling voluntary
upper extremity movement originate from these distinct
cortical motor areas, maintain their topographic organization
in the corona radiata and internal capsule,""'> and project
through separate spinal motor columns to distinct spinal
motor neuron pools (medial and ventral columns for proxi-
mal upper extremity vs lateral for distal upper extremity, re-
spectively). Motor neuron pools for proximal upper extremity
control span several cervical spinal cord segments while those
for distal control are more selective.'® Furthermore, the
striatum is known to influence proximal more than distal
upper extremity segments, particularly the timing and co-
ordination of shoulder and elbow movements.'***

Together, this body of research indicates that there are 2
different and distinctly organized motor systems, one for
proximal and another for distal upper extremity motor con-
trol. This model would predict there should be different
proximal vs distal expressions of focal CNS injury such as
stroke, depending on the topography of injury and specific
structures affected. This study focuses on upper extremity
deficits after stroke, which affect most stroke survivors and are
a major source of stroke-related disability."®'” Both proximal
and distal upper extremity segments are affected by stroke.
Classic studies posited that, early after stroke, distal segments
are more affected than proximal segments and, consequently,
that recovery of motor function follows a proximal to distal
gradient."®*° These observational reports were limited to
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small numbers of patients with frank hemiplegia. Subsequent
quantitative studies, also in relatively small numbers of pa-
tients, called these findings into question, arguing that a
proximal to distal gradient of deficits is not necessarily present
early after stroke.”*> There have not yet been studies that
have quantified the relative prevalence of, functional conse-
quences related to, and neuroanatomy associated with prox-
imal vs distal predominant upper extremity deficits in a widely
representative sample of patients after stroke.

The aims of this study were thus to (1) evaluate the relative
prevalence of proximal vs distal upper extremity motor con-
trol deficits in a large and broadly representative sample of
patients with acute stroke (2) investigate whether relative
deficits in proximal motor control vs distal motor control
acutely poststroke are related to differences in functional
outcomes, and (3) test whether the neuroanatomic differ-
ences that underlie proximal vs distal upper extremity motor
control in the healthy CNS underlie patterns of stroke-related
motor deficits, specifically, that proximal motor deficits in-
volve broad injury to corticofugal tracts, while distal motor
deficits involve focal injury to primary motor cortex. To ad-
dress these aims, we consecutively recruited and serially
assessed 141 patients with upper extremity motor control
deficits after acute stroke. We examined proximal and distal
upper extremity deficits in relation to day 90 functional out-
comes and stroke injury patterns on structural neuroimaging.

Methods

Participants

Patients were consecutively recruited as part of an ongoing
prospective single-center natural history study of upper ex-
tremity motor recovery after stroke, Stroke Motor re-
Habilitation and Recovery sTudy (SMaHRT, clinicaltrials.
gov/show/NCT03485040).>>** Eligible patients were those
within 1 week of acute ischemic stroke or intracerebral
hemorrhage who were between 18 and 90 years of age, able to
follow simple commands in English, had unilateral upper
extremity weakness (defined by the National Institute of
Health Stroke Scale [NIHSS] QSa or QSb > 1), and without
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significant impairments in consciousness (NIHSS score on
Qla and Qlb < 1, and Qlc = 0), admitted to the Mas-
sachusetts General Hospital stroke service. Patients with a
history of developmental, neurologic, or major psychiatric
disorders resulting in functional disability and those with vi-
sual or auditory disorders limiting their ability to participate in
testing procedures were excluded. From June 1, 2017, to
December 31, 2021, 3,195 consecutively admitted patients
(ischemic stroke and intracerebral hemorrhage admissions to
the Massachusetts General Hospital) were screened; 227 of
these patients met study eligibility criteria and were ap-
proached for enrollment, and 141 patients consented to
participate in this study.

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants in the study provided written informed con-
sent. The Institutional Review Board at Mass General Brig-
ham approved the study.

Upper Extremity Motor Evaluation, Proximal vs
Distal Elements, and Functional Outcomes
Participants were evaluated with upper extremity assessments of
motor impairment through the upper extremity Fugl-Meyer
Motor Assessment®>?® (UE-FMA, 33 item subscores each
range from O = cannot perform, 1 = performs partially, 2 =
performs fully, maximum score 66, higher scores are better) and
motor strength through Medical Research Council grades for
shoulder abduction and finger extension (shoulder abduction
and finger extension strength subscores, each range from 0 = no
visible contraction, 1 = trace contraction, 2 = active movement
with gravity eliminated, 3 = active movement against gravity but
with no resistance, 4 = active movement against gravity with
some resistance, and S = active movement against gravity with
full resistance; summed together to obtain the Shoulder Ab-
duction Finger Extension, SAFE score, maximum score 10).”7
To examine proximal and distal motor control elements sepa-
rately, we extracted flexor synergy (items 3-8) and hand (items
24-30) subscores of the UE-FMA®® as measures of proximal
individuation (PI) and distal individuation (DI), respectively.
We extracted shoulder abduction (SA) and finger extension
(FE) subscores of the SAFE score as measures of proximal and
distal strength, respectively. Proximal and distal scores were
normalized by dividing the proximal or distal scores by the total
possible score (12 and 14 for PI and DI UE-FMA subscores and
S and S for SA and FE subscores, respectively). To examine the
difference between proximal and distal elements accounting for
the total extent of proximal and distal deficits (i.e., normalizing
for total UE-FMA and SAFE scores), a normalized distal-
proximal gradient was calculated as (normalized distal — nor-
malized proximal)/(normalized proximal + normalized distal)
scores. Patients with either (1) no proximal deficits and no distal
deficits or (2) no proximal and no distal movement were not
included in the gradient analysis.

Concurrent with upper extremity motor evaluation within 1
week of acute stroke, functional assessments including the
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Box and Blocks Test (BBT) and Barthel Index (BI) were
administered. At 90 days after stroke, participants returned for
repeat assessments. The modified Rankin scale (mRS) of
global disability was also administered then. For participants
who could not return for in-person evaluation (e.g., due to the
COVID pandemic), the mRS and BI were collected through
phone interview. All assessors underwent formal training
certification and recertification annually.

Image Processing

Stroke topography was determined with magnetic resonance
diftusion-weighted images obtained as part of the standard of
care acute stroke inpatient workup. In 15 cases, CT scan was
used instead of MRI (S cases of intracerebral hemorrhage and
in 10 cases where MRI was clinically contraindicated). Lesion
delineation, spatial normalization, and registration were per-
formed using well-established methods (additional details in
eMethods, links.lww.com/WNL/C850).>**° Participants had
unilateral lesions, except 6 individuals who had punctate in-
jury in the other hemisphere that was not felt to be exclu-
sionary and thus not further considered. Right-sided stroke
lesions were flipped to the left hemisphere for subsequent
imaging analysis.

Voxel-Based Lesion Symptom Mapping,
Permutation Statistics, and Threshold-Free
Cluster Enhancement

To understand where stroke-related injury was specifically
related to proximal vs distal upper extremity deficits, we
performed voxel-based lesion symptom mapping™’ to gener-
ate t-maps that associate injury with behavior followed by
permutation statistics, which identifies voxels with maximal
differences in association with proximal deficits vs distal def-
icits. First, separate VLSM f-maps were generated for proxi-
mal and distal elements. Voxels were considered only if at least
S patients exhibited a lesion at this location. The difference in
t-maps (proximal — distal, +-mapg;s) was generated creating a
difference t-statistic at each voxel. t-map 45 has positive values
where the association between proximal scores and voxel in-
jury exceeds the association between distal scores and voxel
injury. Conversely, t-map g has negative values where the
association between distal scores and voxel injury exceeds the
association between proximal scores and voxel injury. To
determine which voxels were associated with maximal differ-
ences (i.e., statistically significant differences on a voxelwise
basis) in proximal vs distal motor scores, permutation statis-
tics were performed (additional details in eMethods, links.
Iww.com/WNL/C850).

To identify ROIs associated specifically with proximal vs distal
upper extremity deficits, we chose 6 cortical areas (M1 =
primary motor cortex, PMd = dorsal premotor cortex, PMv =
ventral premotor cortex, SMA = supplementary motor area,
pre-SMA = pre-supplementary motor area, and S1 = primary
somatosensory cortex), their associated 6 descending corti-
cofugal tracts, and the striatum, as separate ROIs. A 6-mm
radius ROI was drawn in the volumetric center of each cortical
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area. Corticofugal sensorimotor tracts available from the
SMATT template® and the striatal ROI from the AAL atlas®>
were used. The search window was restricted to these 13 total
ROIs, given their known relevance for upper extremity motor
function. Within these ROIs, we performed threshold-free
cluster enhancement, a generalization of cluster-based
thresholding without the need to define a priori a cluster-
forming threshold,*? using the difference t-maps (t-mapgir)
and permuted difference t-maps (t—mapdiE_Permute) from
VLSM. VLSM analyses were performed using MATLAB
(Mathworks, Inc, Natick, MA).

Statistical Analysis

Descriptive statistics were used to examine distributions of
upper extremity motor impairment and upper extremity
strength within cluster severity ranges of the total UE-FMA
(0-15 = severe, 16-34 = severe-to-moderate, 35-53 =
moderate-to-mild, 54-66 = mild).>* The Spearman rank
correlation was performed to examine the relationship be-
tween total UE-FMA and SAFE scores.

To determine convergence and separation among proximal
and distal motor scores, we used partial correlation to test
whether proximal elements (proximal individuation, PI, and
proximal strength, SA) were more closely related to each
other than to distal elements (distal individuation, DI, and
distal strength, FE) and vice versa. Specifically, the relation-
ship between PI and SA, after controlling for the association
between PI and FE, was compared with the relationship be-
tween PI and FE, after controlling for the association between
PI and SA. Separately, the relationship between DI and FE,
after controlling for the association between DI and SA, was
compared with the relationship between DI and SA, after
controlling for the association between DI and FE. To de-
termine whether these 2 differences in partial correlation
coefficients were each statistically significant, we created an
empirical distribution of 1,000 differences in partial correla-
tion coeflicients by permuting the PI or DI scores 1,000 times,
performing the partial correlation analyses mentioned earlier,
and generating the difference in partial correlations at each
iteration. The initial difference in partial correlation coefhi-
cients was considered significant if it fell outside the 95%
confidence interval of these empirical distributions.

The Pearson x* test was used to assess whether the proportion
of patients with preserved distal motor control differed across
stroke subtypes including ischemic stroke etiologies® and
intracerebral hemorrhage. To relate the normalized distal-
proximal gradient to functional outcomes, Spearman rank
correlations were performed between the normalized distal-
proximal gradient and outcomes during the first week after
stroke and at 90 days.

Data Availability

Data and analysis code that support the findings from this
study are available from the corresponding author on rea-
sonable request.
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Results
Study Participants

A total of 141 consecutive patients were assessed within 4.0 +
1.6 (mean + SD) days after acute stroke. The average age was
63.3 + 13.2 years, gender was equally distributed (49% fe-
male), and there were a wide range of stroke etiology, vascular
territories, and stroke severity involved (Table 1). 119 pa-
tients had 90-day evaluations for functional outcomes (86
patients through in-person evaluation and 33 through phone
interview, due to COVID). The 22 patients lost to follow-up
(12) and who withdrew from the study (10) did not differ in
age (p = 0.09), gender (p = 0.3), initial stroke severity (p =
0.9), or initial UE-FM (p = 1.0) from those included in the
functional outcome analysis.

Distributions of Upper Extremity Strength and
Motor Impairment After Acute Stroke

A bimodal distribution was present acutely after stroke across 2
dimensions of upper extremity motor control: motor impair-
ment (UE-FMA) and strength (SAFE) (Figure 1A), with 63%
of patients showing either severe (40%) or mild (23%) upper
extremity motor impairment. There was a very strong re-
lationship (p = 0.9, p < 0.001) between initial upper extremity
motor impairment and strength (Figure 1B). Thus, after acute
stroke, overall upper extremity motor impairment and strength
followed a bimodal distribution and were closely related.

Separate Proximal and Distal Motor
Syndromes Can Be Distinguished After Stroke
We isolated proximal and distal components of motor
impairment and strength, respectively, and assessed their re-
lationships. Motor impairment was examined using in-
dividuation in the shoulder and elbow proximally (PI) and at
the fingers distally (DI). Strength was examined using SA
proximally, and FE distally.

In partial correlation analysis, DI had a much stronger re-
lationship with distal weakness (FE, r=0.77, p = 1.1e **) than
it did with proximal weakness (SA, r = 0.31, p = 1.8¢*), and
furthermore, the difference in partial correlation coeflicients
was significantly different from chance (p = 0.002). Similarly,
PI had a stronger relationship with proximal strength
(SA, r=0.58, p = 7.3¢""*) than it did with distal strength (FE,
r =042, p = 3.2¢”), though here the difference in partial cor-
relation coefficients did not reach significance (p = 0.16). Thus,
distal upper extremity deficits can exist largely in the absence of
clinically relevant proximal deficits while proximal upper ex-
tremity deficits commonly, but less exclusively, occur in the ab-
sence of clinically relevant distal deficits. This convergence
indicates that there are distinguishable proximal vs distal upper
extremity clinical syndromes of acute stroke.

Preservation of Distal Motor Control Is
Common After Acute Stroke

In this cohort of 141 consecutively recruited acute stroke
patients, preserved distal individuation (i.e,, DI > PI), based
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Table 1 Demographic and Clinical Characteristics of

Table 1 Demographic and Clinical Characteristics of

Cohort Cohort (continued)
n 141 Sensory 0[0-1]
Age 63.3£13.2 Best language 0[0-0]
Females 69 (49) Extinction-inattention 0[0-1]
Right hand dominant 125(89) Abbreviations: ACA = anterior cerebral artery; EVT = endovascular therapy;
. MCA = middle cerebral artery; NIHSS = National Institutes of Health Stroke
Affected upper extremity Scale; PCA = posterior cerebral artery; tPA = tissue plasminogen activator.
. Data are presented as mean + SD, number (%), or median [interquartile
Right 53(38) rangel.
@Ischemic strokes were further grouped by Trial of Org 10172 in Acute
Left 88 (62) Stroke Treatment (TOAST) subtype.
Stroke subtype
Ischemic stroke 136 (96) on UE-FMA subscores, was common (23%) (Figure 2A), as
) atherosclerosi 506 was relatively preserved proximal individuation (i.e., P> DI),
arge vessel atherosclerosis ) . i i .

g found in 47%. In patients with no difference (30%) in prox-
Cardioembolism 33(24) imal vs distal elements, upper extremity deficits were either
Small vessel occlusion 16(12) complete or absent both proximally and distally. When ex-

amining strength, based on SAFE subscores, 49% of patients
Other determined 13(9) . . . o .
had proximal vs distal differences; of them, 19% had relatively
Undetermined 39 (29) preserved distal strength compared with proximal strength
Intracerebral hemorrhage 5@ (ie, FE > SA). Thus, although pr0x1ma1. pr.eservefl motor
control is more often seen for both individuation and
Stroke risk factors strength, a pattern of distal preserved motor control is
Hypertension 87 (62) nonetheless common in the acute stroke setting.
H lipidemi 75 (53 .. .
yperfipidemia ©3) Notably, when examining associated vascular correlates, the
Diabetes 39(28) proportion of patients with preserved distal motor control did
Current smoker 31 (22) not differ across stroke subtypes including large artery ath-
erosclerosis (most, 70%, of which were due to critical carotid
Atrial fibrillation 24017) stenosis, Table 1), for either individuation (p = 0.28) or
Acute stroke therapy strength (p = 0.38). Furthermore, there only were 3 patients
V tPA 3525 with cortical border zone or “watershed” anterior cerebral
artery-middle cerebral artery ischemic infarcts; contrary to
EVT 32(23) common expectation, 2 of these patients exhibited preserved
Infarct territory proximal individuation and strength (PI > DI and SA > FE).
ACA 3 Acute Proximal vs Distal Upper Extremity
MCA 120 Motor Patterns Have Distinct
ocA o Functional Outcomes
Given that separate proximal and distal motor syndromes are
Brainstem 15 each commonly observed, we asked how these 2 different
Multiterritory 12 patterns relate to functional outcomes. The normalized
distal-proximal gradient adjusted the difference in PI and DI
Border zone (ACA-MCA) 3 for total extent of deficits. In the first week after acute stroke,
Cortical 89 a higher distal-proximal gradient, reflecting better distal
- motor control, was related to better functional status in the
Subcortical 101 .
upper extremity (Box and Block Test; p = 0.65, p < 0.001)
Mixed 62 and globally (Barthel Index; p = 0.39, p < 0.05; Table 2).
Lesion volume, cm® 520+736 Results were similar at 90 days: a higher distal-proximal
NIHSS s gradient (DI > PI) acutely was related to better 90-day
12l functional outcomes including scores of upper extremity
Motor arm 11[1-4] function (BBT, p = 0.51, p < 0.001) and global function (BI,
Motor leg 100-3] p =041, p <0.001; mRS, p = 0.38, p < 0.001; Table 2 and
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Figure 2B). Taken together, the distinguishable acute stroke
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Figure 1 Upper-Extremity Motor Impairment and Strength Are Bimodal and Closely Related After Acute Stroke

A B

—— UE-FMA
- === SAFE

UE-FMA

p=0.9
p <0.001

1 1
Severe Severe- Moderate- Mild o 1 2 3 4 5 6 7 8 9 10
moderate mild SAFE

(A) Histograms of total upper extremity Fugl-Meyer (UE-FMA, motor impairment) and shoulder abduction finger extension (SAFE, strength) scores for n =141
consecutively recruited patients with upper extremity weakness after acute stroke. X-axis shows severity ranges of upper extremity motor impairment, as
defined in the study conducted Woytowicz et al.>* (B) Plot showing UE-FMA ranges (mean + SD) for each level of total SAFE score. The relationship between
upper extremity motor impairment and strength was as follows: Spearman rank correlation coefficient, p = 0.9, p < 0.001.

proximal and distal upper extremity syndromes had distinct ~ Proximal vs Distal Upper Extremity Motor
functional consequences: patients with relatively preserved  Deficits Are Associated With Unique Stroke
distal motor control had better functional status, in the up-  Injury Patterns

per extremity and globally, both in the first week and at  Stroke lesion overlap of the 141 participants in the study is
90-day follow-up. shown in Figure 3A. There were widespread areas where

Figure 2 Preservation of Distal Motor Control Is Common After Acute Stroke and Related to Better 90-Day Functional

Outcomes
A B PI>DI B
B DI>PI "
1 S 60
o
3 40 p=0.51
C
p <0.001
©
w 20
3
0 o
%]
o
1S
0 -
A
Proximal Distal Z
individuation PR : ;
' ndieletion e Normalized distal-proximal gradient

(A) Boxplots (light gray boxes, in background) of normalized proximal (flexor synergy, items 3-8) and distal (hand, items 24-30) subscores of the upper
extremity Fugl-Meyer are show in light gray. Superimposed are lines connecting the proximal and distal subscores for individual patients (the weighting of the
line is scaled to the number of patients represented). Patients for whom proximal individuation > distal individuation (i.e., relatively preserved shoulder and
elbow movements) are shown in orange. Patients for whom distal individuation > proximal individuation (i.e., relatively preserved hand and finger move-
ments) are shown in blue. Green and yellow lines are patients for whom there was no gradient of proximal to distal motor control (PI-DI = 0). This occurred
only in patients for whom there was either no movement (green) or complete movement (yellow) at proximal and distal segments. (B) Scatterplots of
normalized distal-proximal gradient vs 90-day upper extremity function (Box and Blocks) and global function (modified Rankin Scale, mRS). Individual patients
for whom PI > DI are shown in orange and DI > Pl are shown in blue. A higher distal-proximal gradient (DI > PI) acutely was related to better 90-day upper
extremity and global function.
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Table 2 Outcome Measures and Assessment Time Points

Assessment time point Baseline 90-Day
Days after stroke 40+1.6 91.5+11.6
UE-FMA 26 [5-52] 55 [27.5-63]
Pl 6[1-10] 11[7-12]
DI 410-13] 13 [5-14]
SAFE 6 [0-8] 9[6-10]
SA 3[0-4] 5[3.75-5]
FE 2[0-4] 4[2-5]
Box and Block Score 0[0-22] 34 [1.5-47]
Barthel Index 38.4 100 [75-100]
mRS 0[0-0] 3[1.25-3]

Abbreviations: DI = Distal individuation subscore of Fugl-Meyer (maximum
14); FE = Finger Extension subscore (maximum 5); mRS = modified Rankin
scale (maximum 6); Pl = Proximal individuation subscore of Fugl-Meyer
(maximum 12); SA = Shoulder Abduction subscore (maximum 5); SAFE =
Shoulder Abduction Finger Extension Score (maximum 10); UE-FMA = Upper
Extremity Fugl-Meyer (maximum 66).

Data are presented as mean + SD, number (%), or median [interquartile
rangel.

injury related to both proximal and distal motor deficits, but
within these areas, there was a tendency for specific regions to be
more related to either proximal or distal deficits (Figure 3B).
Brain regions in which stroke-related injury had a greater asso-
ciation with proximal deficits spanned deep hemispheric nuclei
and white matter including striatum and both anterior and
posterior limbs of the internal capsule (Figure 3C, orange). By
contrast, brain regions in which stroke-related injury had a
greater association with distal deficits were primarily restricted to
the posterior bank of the precentral gyrus, with no extension into
deep hemispheric nuclei, striatum, or descending white matter
(Figure 3C, blue). The statistical significance of differences be-
tween proximal and distal VLSM maps was assessed in 13 pre-
defined ROIs (6 cortical areas, their associated descending
corticofugal sensorimotor tracts, and striatum) using threshold-
free cluster enhancement (additional data are listed in eTable 1,
links.Iww.com/WNL/C850). Lesions causing greater proximal
than distal individuation deficits were present in descending
white matter tracts emanating from M1, PMd, PMv, SMA, pre-
SMA, and striatum. On the contrary, lesions causing greater
distal than proximal individuation deficits were present only in a
single area, primary motor cortex. Taken together, deficits in
proximal motor control were associated with widespread injury
to subcortical white and gray matter, while deficits in distal
motor control were isolated to injury within the posterior aspect
of the precentral gyrus, that is, primary motor cortex.

Discussion

The existence of separable neural systems for the control of
proximal vs distal upper extremity segments has long been
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recognized, for example, with Sir Charles Bell* commenting
that “the small hand muscles are characterized in action by their
velocity rather than by their power, the proximal muscles by
their power rather than by velocity of contraction. Their sep-
arate anatomic and functional organization would predict that
proximal and distal upper extremity segments can each be se-
lectively impaired by focal CNS injury and, consequently, that
there should be distinguishable proximal vs distal upper ex-
tremity clinical syndromes after acute stroke, each associated
with a specific injury pattern. To investigate this, in this study,
we examined the clinical expression, functional outcomes, and
neuroanatomical differences underlying proximal vs distal up-
per extremity motor control deficits in 141 patients averaging 4
days postacute stroke. Our main findings were that (1) proxi-
mal and distal deficits in upper extremity motor control could
be distinguished, (2) a substantial number of acute stroke pa-
tients had relatively preserved distal motor control, (3) patients
with preserved distal motor control had better functional out-
comes both in the first week poststroke and at 90-day follow-
up, and (4) deficits in proximal motor control were associated
with injury to descending sensorimotor tracts from many
corticomotor areas and striatum, while deficits in distal motor
control were associated with isolated injury to primary motor
cortex. Thus, proximal and distal motor syndromes after acute
stroke have distinct clinical expression, functional outcomes,
and underlying neuroanatomy. Together, these findings em-
phasize that the separable proximal and distal upper extremity
neural systems normally present manifest with distinct clinical
syndromes when injured by stroke.

A classic observational study of patients recovering from
hemiplegia'® emphasized the relative preservation of proximal
motor control immediately after acute stroke and the conse-
quent proximal to distal pattern of return of upper extremity
movement. However, the cohort in the study conducted by
Twitchell was small (25 patients) and limited to those with
initially severe hemiparesis (13 had no movement and 8 could
make “weak” movements). In a more recent report, Beebe and
Lang”' found no evidence of a proximal to distal gradient in
either active range of motion or strength in patients tested 2
weeks after stroke. Although this study included a broader range
of motor abilities, it was also a relatively small sample (33 pa-
tients), and neuroanatomical correlates were not available. In
this study, in 141 consecutively recruited acute stroke patients,
we showed that a distal to proximal gradient of deficits
(ie, where distal individuation was more preserved than
proximal individuation) was relatively common (23%) in the
first week after stroke. Notably, this pattern of deficits in our
sample of patients was not due to the classically described an-
terior cerebral artery-middle cerebral artery border zone or
watershed infarct from ipsilesional carotid disease.”” Further-
more, upper extremity motor control elements (i.e., strength
and individuation) separated proximally from distally. Distal
individuation and strength were clearly separable from proximal
elements. Proximal individuation, although more strongly re-
lated to proximal strength, maintained a relationship with distal
strength; this likely speaks to the greater relative contribution of
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Figure 3 Proximal vs Distal Upper Extremity Motor Deficits Are Associated With Unique Stroke Injury Patterns
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(A) Stroke lesion overlap map for 141 study participants. Color bar (right) shows the number of lesions overlapped and scaling with dark blue to red showing
an increasing overlap. Separate VLSM t-maps were first generated for proximal individuation (Pl) and distal individuation (DI) scores, flexor synergy and hand
subscores of UE-FM, respectively. The difference (t-mapgs) in raw t-maps (Pl - DI in gradient orange and DI - Pl in gradient blue) is shown in (B). This map has
positive values (orange) where the association between proximal scores and voxel injury exceeds the association between distal scores and voxel injury and,
conversely, negative values (blue) where the association between distal scores and voxel injury exceeds the association between proximal scores and voxel
injury. Color bar with t-statistic range is shown at the bottom of the figure. Maximal voxelwise differences within t-mapg; identified by permutation statistics

are shown in (C).

distal circuits to proximal function than vice versa.’®*° Our
findings extend prior literature by both highlighting the in-
dividual variability in clinical presentation of upper extremity
syndromes after stroke and emphasizing how clinical expression
of deficits after stroke mirrors selective organization of circuits in
the healthy CNS (ie., distinguishable circuits for proximal vs
distal motor control).

Patients with relatively preserved distal individuation, even after
controlling for the total extent of proximal and distal deficits,
had better upper extremity and global function both in the first
week and at 90 days after stroke. This emphasizes the critical
importance of distal upper extremity motor control (i.e,, hand
and individuated finger movements) for picking up, trans-
porting, and manipulating everyday objects.**' Prior studies
have found that baseline hand function is a critical predictor of
overall upper extremity improvement with therapy*” and that
distal upper extremity—focused training is associated with
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greater motor gains than proximal arm training.*® Collectively,
these studies attest to the value of careful bedside evaluation of
patterns of movement after stroke, which can guide both re-
covery prediction and therapy after stroke.”

The differences in the anatomic and functional organization of
proximal vs distal upper extremity motor control in the healthy
state would predict distinct stroke-related injury patterns. We
hypothesized that the neuroanatomic differences that underlie
proximal vs distal upper extremity movement in the healthy
CNS would underlie patterns of stroke-related motor deficits.
We found that deficits in proximal individuation were related to
stroke injury to descending tracts emanating from a number of
cortical motor regions and striatum, areas known to be im-
portant for proximal motor control, while deficits in distal in-
dividuation were related to focal injury within the posterior
aspect of the precentral gyrus, that is, primary motor cortex.
Thus, injury after stroke produces a pattern of behavioral
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deficits that is consistent with the cerebral organization of
proximal vs distal upper extremity motor systems in the intact
CNS. Although voxel-based analyses of stroke neuroimaging
do not allow for parsing cortical areas with single-cell resolu-
tion, our findings are consistent with neurophysiologic studies
showing that anterior frontal motor areas and their associated
outflow tracts exhibit overlap in the representation of different
upper extremity segments,43 while posterior perirolandic mo-
tor areas have more specialized representations (i.e., for distal
upper extremity movement).***® Furthermore, our findings
are in line with recent evidence pointing to separable compo-
nents of poststroke hemiparesis*’: proximal and distal motor
control have distinct mechanistic underpinnings after acute
stroke. We highlight the value of applying a deep understanding
of normal anatomy and physiology to acute stroke: an infarct
alters circuits in selective and predictable ways based on the
normal structure and function of the healthy CNS.

There are a number of limitations to this study. Proximal and
distal motor control were assessed using subscales of the upper
extremity Fugl-Meyer and Shoulder Abduction Finger Extension
scores. More nuanced tests to assess different aspects of proximal
and distal motor control (active range of motion, more complete
characterization of muscle strength including elbow flexion/
extension and finger flexion, dexterity, and kinematics) would
have been useful but were not feasible, given the limited time
available to collect data during the acute stroke hospitalization.
Relationship of proximal and distal motor control to function was
measured with Box and Blocks, a test of gross manual dexterity,
and BI and mRS, measures of global function and disability,
respectively. Multidimensional measurements of quality of life
would be useful to further understand the relationship between
clinical expression of upper extremity motor deficits and func-
tional outcomes. Stroke injury was estimated from acute MR
diffusion images and CT scans for ischemic stroke and in-
tracerebral hemorrhage, respectively. Our voxel-based lesion
symptom mapping analysis was performed using unilateral le-
sions (right hemisphere lesions were flipped onto the left
hemisphere). We acknowledge that this method does not allow
us to examine contributions of hemispheric laterality to motor
control,™* which would be of high future interest. Finally, in-
corporating more detailed structural neuroimaging (i.e., diffusion
tensor imaging) and real-time functional neuroimaging to probe
circuits underlying proximal vs distal motor control after stroke
was not performed in this study but is a ripe for future study.

Our findings have implications for personalized neuro-
rehabilitation. Clinicians, rehabilitation clinical trials, and
neurotechnological approaches to stroke rehabilitation
should incorporate proximal vs distal upper extremity motor
syndromes and their distinct neuroanatomy as separate tar-
gets for improving different aspects of poststroke motor
function. Altogether, this study moves us closer to the vision
of Axel Fugl-Meyer™: “It is suggested that in patients found
suited for admittance to rehabilitation wards, visualization of
the brain damage may be a useful adjunct when stating the
goals for the rehabilitation process.”
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