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Abstract

Background and purpose: In	acute	spinal	cord	injury	(SCI),	magnetic	resonance	imaging	
(MRI)	reveals	tissue	bridges	and	neurodegeneration	for	2 years.	This	5-	year	study	aims	to	
track initial lesion changes, subsequent neurodegeneration, and their impact on recovery.

Methods: This	 prospective	 longitudinal	 study	 enrolled	 acute	 SCI	 patients	 and	 healthy	
controls	who	were	assessed	clinically—and	by	MRI—regularly	from	3 days	postinjury	up	
to	60 months.	We	employed	histologically	 cross-	validated	quantitative	MRI	 sequences	
sensitive to volume, myelin, and iron changes, thereby reflecting indirectly processes 

of neurodegeneration and neuroinflammation. General linear models tracked lesion 

and	 remote	changes	 in	volume,	myelin-		 and	 iron-	sensitive	magnetic	 resonance	 indices	
over	5 years.	Associations	between	lesion,	degeneration,	and	recovery	(using	the	Spinal	
Cord	Independence	Measure	[SCIM]	questionnaire	and	the	International	Standards	for	
Neurological	Classification	of	Spinal	Cord	Injury	total	motor	score)	were	assessed.
Results: Patients'	 motor	 scores	 improved	 by	 an	 average	 of	 12.86	 (95%	 confi-
dence	 interval	 [CI]	 = 6.70–19.00)	 points,	 and	 SCIM	 by	 26.08	 (95%	 CI = 17.00–35.20)	
points.	 Within	 3–28 days	 post-	SCI,	 lesion	 size	 decreased	 by	 more	 than	 two-	thirds	
(3 days: 302.52 ± 185.80 mm2,	 28 days: 76.77 ± 88.62 mm2),	 revealing	 tissue	 bridges.	
Cervical	cord	and	corticospinal	tract	volumes	transiently	increased	in	SCI	patients	by	5%	
and	3%,	respectively,	accompanied	by	cervical	myelin	decreases	and	iron	increases.	Over	
time, progressive atrophy was observed in both regions, which was linked to early lesion 

dynamics. Tissue bridges, reduced swelling, and myelin content decreases were predic-
tive	of	long-	term	motor	score	recovery	and	improved	SCIM	score.
Conclusions: Studying	acute	changes	and	their	impact	on	longer	follow-	up	provides	in-
sights	into	SCI	trajectory,	highlighting	the	importance	of	acute	intervention	while	indicat-
ing the potential to influence outcomes in the later stages.

K E Y W O R D S

acute	spinal	cord	injury,	iron,	lesion	core,	MRI,	neurodegeneration



2 of 12  |     EMMENEGGER et al.

INTRODUC TION

Spinal	cord	injury	(SCI),	for	which	there	is	no	cure,	usually	results	
in	incomplete	recovery	[1].	Initial	cord	damage	at	the	site	of	the	le-
sion is followed by remote and progressive degenerative changes 

[2].	Current	clinical	evaluation	is	focused	on	the	extent	of	the	ini-
tial cord damage by means of clinical impairment scores and elec-
trophysiological properties of major spinal pathways, but does 

not include remote neurodegeneration. These neurodegenerative 

processes—which	are	known	to	progress	for	at	least	2 years	post-
injury	 [3]—are	 likely	 to	 have	 a	 negative	 impact	 on	 the	 recovery	
potential. Hence, there is a pressing need to understand over 

which period these neurodegenerative changes continue and to 

define their relationship with early local cord pathology and their 

clinical	 relevance.	 A	 better	 understanding	 of	 these	 interrelated	
pathophysiological processes could offer important insights into 

individually focused treatment, not only in the acute, but also in 

the	chronic	phase	of	SCI.
Advances	 in	 quantitative	 magnetic	 resonance	 imaging	 (MRI),	

combined with a new anatomical template covering both brain and 

cervical	 cord	 (C1–C3)	 [4],	 provide	 an	 unprecedented	 opportunity	
to noninvasively estimate myelin, iron, and volume changes of grey 

matter	(GM)	and	white	matter	(WM)	across	the	neuraxis.	By	extend-
ing	the	previous	2-	year	follow-	up	study	to	5 years	[3],	we	aimed	to	
(i)	establish	the	hyperacute	dynamics	of	the	evolving	focal	lesion,	(ii)	
characterize the trajectories of neurodegenerative changes in the 

spinal	cord	and	brain	over	5 years	post-	SCI,	(iii)	clarify	how	local	le-
sion	changes	drive	remote	neurodegeneration,	and	(iv)	explore	how	
these	changes	 impact	patients'	recovery	potential.	To	this	end,	we	
quantified	the	hyperacute	evolution	of	the	lesion	(via	T2-	weighted	
[T2w]	 scans)	 and	 changes	 in	 volume	 (via	 T1w	 scans),	 and	myelin-	
sensitive	 (via	 magnetization	 transfer	 saturation	 [MTsat]	 [5, 6])	 and	
iron-	sensitive	(via	effective	transverse	relaxation	rate	[R2*]	[5])	met-
rics	in	the	brain	and	cervical	cord	[2].

MATERIAL S AND METHODS

Participants and study design

We	recruited	consecutively	acute	(≤1 month)	SCI	patients	at	Balgrist	
University	Hospital	(Zurich,	Switzerland)	between	September	2010	
and June 2018; some of these data were reported during the first 

2 years	post-	SCI	(Table 1)	[3,	7].	At	every	visit	(3 days	and	1,	3,	6,	12,	
24,	and	60 months	postinjury),	individuals	with	SCI	underwent	clini-
cal	evaluation,	including	the	International	Standards	for	Neurological	
Classification	of	Spinal	Cord	Injury	[8]	motor	scores	and	the	Spinal	
Cord	Independence	Measure	(SCIM)	[9],	ranging	from	0	(full	impair-
ment)	to	100	(no	impairment).	All	participants	underwent	standard	
clinical	care	at	Balgrist	University	Hospital,	and	specific	information	
regarding their hospitalization duration can be found in Table 1. Two 

patients	died	 from	a	cause	unrelated	 to	SCI	 (Figure S1.1).	Healthy	
controls from the local area followed the same schedule as the 

patients.	All	participants	were	older	than	18 years	and	had	no	pre-	
existing	neurological,	mental,	or	medical	disorders,	no	brain	lesions	
on	MRI,	 and	no	contraindications	 to	MRI.	We	 included	both	 trau-
matic	and	also	nontraumatic	SCI	patients	 (see	Table 1),	as	 there	 is	
no clear evidence that these show differences in the recovery pro-
files	or	differences	in	the	focal	lesion	dynamics	[10–12].	The	study	
was	approved	by	the	local	ethics	committee	of	Zurich	(KEK-	ZH,	EK-	
2010-	0271	and	PB_2016-	00230)	 and	was	 in	 accordance	with	 the	
Declaration	of	Helsinki,	and	all	participants	gave	 informed	written	
consent.

Procedures

For the hyperacute scan of the focal lesion, a conventional T2w se-
quence	on	1.5T	or	3T	(Philips	Achieva	[Philips	Healthcare],	Siemens	
Magnetom	Verio,	Skyrafit,	Avanto,	Espree	[Siemens	Healthcare],	or	
GE	Signa	HDxt,	Disc	 [GE	Medical	 Systems])	MRI	 systems	was	 ac-
quired. Conventional T2w sequences have proven to be a depend-
able method for assessing lesion characteristics, demonstrating an 

intraobserver	coefficient	of	variation	(CoV)	with	an	average	of	2.31%	
during	the	acute	phase.	Notably,	this	percentage	 is	 lower	than	the	
intraobserver	CoV	reported	by	Huber	et	al.	(4.3%)	[13]	and	Pfyffer	
et	al.	(5.3%)	[10].	Furthermore,	these	sequences	exhibit	robust	inter-
rater reliability, as evidenced by an intraclass correlation coefficient 

(ICC2,1)	 of	 0.9	 [14].	 In	 addition	 to	 its	 reliability,	 conventional	 T2w	
imaging has demonstrated associations with various clinical param-
eters.	It	has	been	linked	to	walking	ability	[14, 15]	and	clinical	recov-
ery	outcomes	[10,	13,	16–18].

Supralesional	MRI	acquisitions	for	the	follow-	ups	at	1–12 months	
were	performed	with	a	3-	T	Magnetom	Verio	(Siemens	Healthcare).	
For	 the	 follow-	ups	 at	 24	 and	 60 months,	 the	magnetic	 resonance	
(MR)	 system	 was	 upgraded	 to	 a	 3T	 Magnetom	 Skyrafit	 (Siemens	
Healthcare).	 For	 imaging	 the	 brain	 and	 spinal	 cord	 (C1–C3),	 we	
utilized	 a	 16-	channel	 radiofrequency	 (RF)	 receiver	 head	 and	 neck	
coil.	The	 imaging	protocol	 involved	a	 three-	dimensional	 (3D)	high-	
resolution	 T1w	 magnetization-	prepared	 rapid	 acquisition	 gradient	
echo	 (MPRAGE)	 sequence,	 widely	 recognized	 for	 assessing	 volu-
metric	changes	indicative	of	neurodegeneration	[3,	7,	19–23].	In	ad-
dition,	we	employed	a	multiparametric	mapping	protocol	(MPM)	[24]	
to	 investigate	 microstructural	 alterations,	 including	 myelin	 (MTsat)	
[5, 6]	and	iron	(R2*)	[5].	These	alterations	have	been	demonstrated	
to	 occur	 post-	SCI	 due	 to	 mechanisms	 such	 as	 inflammation,	 axo-
nal	degeneration,	and	demyelination	 [3, 20, 22].	 Importantly,	 their	
assessment	has	shown	an	intersite	bias	below	5%	in	the	brain	[25]	
and	below	12%	in	the	spinal	cord	[26].	Both	MR	sequences	shared	
the	 following	 parameters:	 1 mm3	 isotropic	 resolution;	 176	 sagittal	
partitions;	field	of	view,	224 × 256 mm2. The further parameters of 

MPRAGE	were:	repetition	time	(TR),	2420 ms;	echo	time,	4.18 ms;	in-
version	time,	960 ms;	flip	angle,	9°;	and	readout	bandwidth,	150 Hz/
pixel.	 The	MPM	 protocol	 comprised	 three	 3D	 multi-	echo	 spoiled	
gradient echo sequences with distinct contrast weightings. The 

number of acquired bipolar echoes, flip angle, and TR for the proton 
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density-	weighted,	 T1w,	 and	magnetization	 transfer	 (MT)-	weighted	
sequences	were	8/4°/25 ms,	8/23°/25 ms,	 and	6/9°/37 ms,	 respec-
tively,	with	an	echo	spacing	of	2.46 ms.	MT	weighting	was	achieved	
by	an	off-	resonance	RF	pulse	prior	to	nonselective	excitation	and	a	
readout	bandwidth	of	488 Hz/pixel.

The	 hMRI	 toolbox	 (version	 0.2.0)	 [27]	 was	 used	 to	 estimate	
quantitative	maps	of	MTsat,	using	UNICORT	to	correct	for	residual	
B1+	residual	effects	of	the	MTsat	maps	[28],	and	R2*.

Tensor-	based	 morphometry	 [29]	 was	 used	 to	 analyse	 volume	
changes	over	time.	To	analyse—at	the	voxel	level—the	brain	and	C1–
C3	 simultaneously,	 the	 statistical	 parametric	 mapping	 brain-	spinal	
cord	template	(SPM-	BSC)	method	was	chosen	[4].	MPRAGE	images	
were	 first	 aligned	 with	 the	 T1w	 Montreal	 Neurological	 Institute	
template	 [27].	 Second,	 images	 of	 each	 subject	 were	 longitudinally	
coregistered	[29],	furnishing	an	intensity	bias-	free	average	image	of	
each individual, including deformation field, and Jacobian determi-
nants	maps	[29].	Third,	the	average	image	was	segmented	[30]	using	
the	brain–neck	template	[4].	To	assess	morphological	changes	in	the	
spinal	 cord,	 the	native-	space	GM	and	WM	tissue	maps	were	 com-
bined	to	form	a	neural	tissue	(NT)	probability	map.	For	the	analysis	
of	SPM-	BSC	data,	a	group-	specific	spinal	cord	mask	was	computed	
by	 thresholding	 the	 average	 of	 the	NT	maps	 of	 all	 participants	 to	
include	voxels	with	probability	of	>50%	and	further	restricting	this	
mask	to	the	spinal	cord	at	levels	C1–C3	(visually	defined)	[31].	Fourth,	
the	Dartel	algorithm	was	applied	for	spatial	normalization.	Fifth,	the	
Jacobian determinant was used to modulate the midpoint average 

GM,	WM,	and	NT	maps.	Finally,	GM	and	WM	maps	were	smoothed	
with	a	6-	mm	full	width	at	half	maximum	 (FWHM)	Gaussian	kernel.	
For	MTsat	and	R2*,	a	tissue-	specific	smoothing	procedure	[27]	with	a	
Gaussian	kernel	of	3-	mm	FWHM	was	used.	In	the	spinal	cord	(i.e.,	NT	
map),	no	smoothing	was	applied,	due	to	its	small	size	and	the	lack	of	
gyrification, thereby increasing specificity and reducing the number 

of	false	positives	[32].
The	 three	 regions	of	 interest	 (ROIs)	were	 (i)	C1–C3,	 (ii)	 cranial	

corticospinal	 tracts	 (CST),	 and	 (iii)	 sensorimotor	 cortices	 (M1/S1).	
The	M1/S1	and	CST	were	defined	using	the	anatomy	[33]	and	suite	
toolbox	[34].

To	 track	 lesion	changes,	 the	 intramedullary	 lesion	area	 (IMLA),	
lesion	 length	 (IMLL),	 and	 tissue	 bridges	 (TB)	 were	 manually	 seg-
mented on the midsagittal slice of the T2w image with Jim software 

(version	7.0,	Xinapse	Systems)	[14].	Lesions	of	two	subjects	could	not	
be	segmented	due	to	metal	implants	artefacts.	As	a	complementary	

verification,	we	also	 assessed	 the	 cross-	sectional	 cord	 area	 at	 the	
C2–C3	level	using	Jim	(Figure S1.2).

Statistical analysis

For	 assessing	 recovery,	 linear	 mixed	 effect	 models	 were	 used	 in	
RStudio	(version	3.6.0)	with	clinical	measures	as	the	response	vari-
able	 and	 (log-	transformed)	 time	 as	 the	 independent	 variable,	 to	
accommodate nonlinear recovery trajectories. Random intercept, 

random	slope,	age,	and	sex	were	included	as	covariates	of	no	inter-
est for each subject. Results with p < 0.05	 (Bonferroni	 corrected)	
were considered statistically significant.

For lesion changes, repeated measures analysis of variance was 

performed	 to	 compare	 the	 effect	 of	 time	 on	 the	 lesion.	 Post	 hoc	
paired t-	tests	 were	 conducted	 to	 assess	 changes	 within	 the	 first	
month	and	subsequent	changes	over	5 years.	Results	with	p < 0.05	
(Bonferroni	corrected)	were	considered	statistically	significant.

The	 Sandwich	 Estimator	 Toolbox	 (version	 2.1.0)	 [35]	 was	
used to assess longitudinal volume changes and microstructural 

changes	 within	 the	 previously	 defined	 ROIs.	 The	 general	 linear	
model	(GLM)	included	a	group	indicator,	time,	and	quadratic	effect	
of	time.	Age	and	sex	were	included	as	covariates	of	no	interest	to	
preclude	potential	confounds.	A	one-	tailed	t-	test	was	used	to	com-
pare	potential	differences	between	both	groups.	For	the	1-	month	
time point difference analysis, time variables were adjusted to the 

1-	month	scan	as	reference	point	(i.e.,	assigned	a	value	of	0),	allow-
ing	intercept	analysis.	Participants	having	fewer	than	three	scans	
were	excluded	from	the	analysis	(MPRAGE = 1,	MPM = 2).	For	the	
C1–C3	analysis,	additionally	one	participant	was	excluded	due	to	
inaccurate spinal normalization. Results with p < 0.05	 topological	
false	 discovery	 rate-	corrected	 [36]	 were	 considered	 statistically	
significant.

For	the	association	between	changes	in	TB	within	the	first	month	
(delta	TB	between	3 days	and	1	month)	and	volumetric	and	micro-
structural	 rate	 changes	 over	 5 years,	 the	 TB	 changes	were	 added	
to	 the	GLM	 described	 above,	 and	 the	 neurological	 level	 of	 injury	
as a variable of no interest. For the association between structural 

changes	over	5 years	and	recovery,	each	subject's	last	and	baseline	
motor	 or	 SCIM	 score	were	 included.	 For	 the	 association	between	
patients'	relative	recovery	and	TB	changes	or	mean	value	of	the	sta-
tistically	 significant	 baseline	 differences	 (i.e.,	 significant	 intercept	

F I G U R E  1 Time	course	of	lesion	characteristics	and	clinical	recovery.	(a)	Representative	serial	midsagittal	T2-	weighted	scans	showing	the	
evolution	of	the	focal	lesion	over	5 years.	The	lesion	edge	is	outlined	and	the	midsagittal	total	tissue	bridges	(TB)	width	(TB = dorsal + ventral	
tissue	bridges),	intramedullary	lesion	area	(IMLA),	and	intramedullary	lesion	length	(IMLL)	are	indicated.	Individual	trajectories	of	patients'	
midsagittal	tissue	bridges,	IMLA,	and	IMLL	changes	over	5 years	are	shown.	Note	the	rapid	changes	within	the	first	month,	followed	by	only	
marginal	changes	in	the	next	years.	(b)	Recovery	trajectories	of	the	International	Standards	for	Neurological	Classification	of	Spinal	Cord	
Injury	(ISNCSCI)	motor	score	and	of	the	Spinal	Cord	Independence	Measure	(SCIM)	scores.	(c)	Scatterplot	showing	the	association	between	
midsagittal	TB	changes	within	the	first	months	(1-	month TB	–	hyperacute	TB)	and	relative	motor	score	recovery	and	the	association	between	
relative	baseline	spinal	cord	volume	(i.e.,	neural	tissue	average	within	C1–C3	[percent	units	(p.u.)])	and	the	relative	motor	score	recovery.	
In	panels	a	and	b,	in	red,	the	mean	and	standard	error	are	depicted,	and	red	dashed	lines	show	individual	longitudinal	data	for	patients.	In	
panels	a–c,	dark	red	indicates	subjects	with	nontraumatic	spinal	cord	injury.
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differences	between	healthy	controls	and	SCI	patients),	a	Spearman	
rank correlation was conducted.

RESULTS

We	 recruited	21	healthy	 controls	 (33.7 ± 9.8 years	old)	 and	23	SCI	
patients	 with	 an	 acute	 SCI	 (mean	 age ± SD = 46.7 ± 19.1 years).	 Of	
those,	13	were	tetraplegic	(36.8 ± 19.8 years)	and	10	were	paraplegic	
(56.0 ± 17.9 years;	Table 1).	 SCI	 patients	were	 scanned	 on	 average	
at	 3.3 days	 postinjury	 (median ± interquartile	 range	 [first	 and	 third	
quantile] = 2 ± 2	 [1–3] days)	 and	 at	 1-	month	 (1 ± 1	 [1–2] months),	 3-	
month	(3 ± 1	[3–4] months),	6-	month	(6 ± 2	[6–8] months),	12-	month	
(12 ± 1	 [12–13] months),	24-	month	 (26 ± 5	 [24–29] months),	and	60-	
month	 (60 ± 13	 [52–70]	months)	 follow-	ups.	 The	 adherence	 to	 the	
study	protocol	was	94%	for	controls	and	85%	for	patients.	Over	the	
5-	year	study	period,	patients'	motor	scores	recovered	by	a	total	of	
12.86	points	(p < 0.001,	95%	confidence	interval	[CI]	= 6.70–19.00),	
of	which	 in	 the	 first	 year	 7.25	 points,	 from	1 year	 to	 2 years	 2.42	
points,	and	from	2 years	to	5 years	3.19	points	were	recovered.	Over	
5 years,	patients'	SCIM	scores	recovered	by	a	total	of	26.08	points	
(p < 0.001,	 95%	 CI = 17.00–35.20),	 of	 which	 in	 the	 first	 year	 14.7	
points,	from	1 year	to	2 years	4.9	points,	and	from	2 years	to	5 years	
6.48 points were recovered.

At	 3 days	 post-	SCI,	 the	 width	 of	 TB	 was	 on	 average	 0.68 mm	
(95%	 CI = 0.18–1.19 mm).	 TB	 became	 more	 clearly	 defined	 at	 the	
end	of	 the	 first	month	 (1.41 mm,	95%	CI = 0.39–2.43 mm,	p = 0.02)	
and	changed	marginally	between	1 month	and	5 years	(p = 0.18).	At	
3.3 days	 post-	SCI,	 the	 mean	 IMLA	 and	 IMLL	 were	 303 mm2	 (95%	
CI = 213–392 mm2),	 and	 66.7 mm	 (95%	CI = 48.9–84.5 mm),	 respec-
tively.	IMLA	and	IMLL	decreased	within	the	first	month	by	75%	and	
73%	to	77 mm2	(95%	CI = 33–121 mm2, p < 0.001)	and	18.0 mm	(95%	
CI	= 10.0–26.0 mm,	p < 0.001),	respectively.	The	IMLA	and	IMLL	re-
mained	stable	between	1 month	and	5 years	(IMLA,	p = 0.28,	IMLL,	
p = 0.30;	Figure 1, Table S1.1).

Over	 the	 first	 4 weeks	 post-	SCI,	 SCI	 patients,	 compared	 to	
healthy	 controls,	 showed	 an	 increased	 volume	 of	 the	 C1–C3	 (i.e.,	
NT	map)	 and	 intracranial	CST	 (i.e.,	 swelling	 at	baseline),	 accompa-
nied	 by	 increased	 iron-	sensitive	 R2*	 along	 the	 lateral	 C1–C3	 and	
decreased	myelin-	sensitive	MTsat	within	the	dorsal	C1–C3	(Figure 2, 

Tables S1.2–	S1.4).	Also,	during	this	early	period,	volume	and	MTsat de-
creases	were	observed	in	the	bilateral	M1/S1	(Figure 2, Table S1.3).	
Over	5 years,	the	rate	of	cord	volume	(i.e.,	NT	map)	decrease	decel-
erated, whereas intracranial CST volume showed no sign of deceler-
ation	(Figure 2, Figure S1.2, Tables S1.2, and  S1.4).	At	C1–C3,	MTsat 

decreased	but	slowed	deceleration	between	2	and	5 years	(Figure 2, 

Table S1.3).	 In	the	M1/S1,	atrophy	was	already	evident	at	1 month	
but showed no further changes over time.

Greater	TB	changes	within	the	first	month	were	associated	with	
less	 intracranial	CST	volume	 increase,	 less	GM	volume	 loss	within	
the	 right	M1/S1	after	1	month,	 slower	 rates	of	volume	 loss	 in	 the	
C1–C3	(i.e.,	NT	map)	and	CST,	and	slower	MTsat	decline	in	the	C1–C3	
over	5 years	(Figure 3, Tables S1.2 and S1.3).

TB	increase	within	the	first	month	was	positively	associated	with	
motor	 score	 recovery	 (n = 16,	 ρ = 0.74,	 p < 0.001;	 Figure 1c).	 Less	
C1–C3	atrophy	over	5 years	was	associated	with	improved	baseline-	
adjusted	motor	score	after	5 years	(Figure 4, Table S1.2).	Spinal	cord	
swelling	 (i.e.,	 increased	NT	map	 average	within	 C1–C3	 relative	 to	
healthy	controls)	at	1	month	was	negatively	associated	with	motor	
score	recovery	(n = 22,	ρ = −0.45,	p = 0.04;	Figure 1c).	A	smaller	MTsat 

decrease	 of	 the	C1–C3	 over	 5 years	was	 associated	with	 a	 better	
baseline-	adjusted	 motor	 and	 SCIM	 score	 over	 5 years	 (Figure 4, 

Table S1.3).	Less	R2*	increase	in	the	M1/S1	over	5 years	was	associ-
ated	with	better	baseline-	adjusted	SCIM	score	over	5 years	(Figure 4, 

Table S1.3).	An	 improved	baseline-	adjusted	motor	and	SCIM	score	
was	associated	with	decreased	C1–C3	volume	change	(i.e.,	NT	map;	
Figure 4, Table S1.3).

DISCUSSION

This study shows that the spinal lesion undergoes rapid changes 

within	 the	 first	 days	 and	weeks	 following	 SCI.	 These	 early	 lesion	
changes are associated with both remote degeneration and clinical 

recovery.	 Remote	 changes	 continue	 for	 at	 least	 5 years.	 Crucially,	
this	 study	provides	 a	 unique	 long-	term	 characterization	of	 the	 in-
teraction	between	lesion	extent,	its	early	dynamics,	and	association	
with remote neurodegenerative and compensatory microstructural 

changes	within	the	C1–C3	and	brain	over	5 years.	This	study	has	re-
vealed a number of new findings that we will discuss in more detail 

under the four aims of the study.

Previous	studies	have	primarily	assessed	the	predictive	value	of	
the	matured	lesion	at	1 month	post-	SCI	for	neurologic	recovery	[10].	
Here, we tracked the evolution of the lesion characteristics within 

the	first	72 h	and	documented	a	rapid	resolution	of	the	perilesional	
cord	 oedema	 within	 the	 first	 month	 post-	SCI.	 Starting	 from	 the	
earliest	time	point	after	SCI	(3 days	post-	SCI),	the	spinal	cord	lesion	
showed a reduction in size by more than two thirds, revealing de-
marcations	of	the	TB.	Crucially,	the	extent	of	the	 lesion—including	
TB—remains	stable	 from	1 month	 to	at	 least	5 years	post-	SCI.	This	
suggests that potential treatments—targeting the protection and re-
pair of the injured spinal cord—should be administrated as early as 

possible.

These rapid lesion changes were associated with remote swell-
ing,	 a	 feature	 commonly	 associated	 with	 neuroinflammation	 [1, 

37].	Specifically,	the	C1–C3	and	intracranial	CST	showed	increased	
volume	 (i.e.,	 swollen)	 by	 approximately	 5%	 and	 3%,	 respectively.	
This volume increase was paralleled by signs of increased iron ac-
cumulation	 (i.e.,	 R2*	 = 18%)	 and	 demyelination	 (i.e.,	 MTsat = 2%).	
The latter processes are both implicated in neurodegenerative and 

neuroinflammatory	processes	[38].	Interestingly,	within	the	follow-
ing	months,	 the	 initial	 swelling	of	 the	C1–C3	and	 intracranial	CST	
turned	into	a	net	loss	of	volume	(i.e.,	C1–C3 = 9%,	CST = 2%)	and	was	
accompanied	by	microstructural	 alterations	 (i.e.,	MTsat).	 In	 the	 en-
suing	5 years,	the	intracranial	CST	and	M1/S1—which	were	already	
undergoing	 progressive	 changes	 within	 the	 first	 2 years	 post-	SCI	
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F I G U R E  2 Cervical	spinal	cord	and	brain	structural	changes.	Overlay	of	statistical	parametric	maps	(significant	clusters	p < 0.05	false	
discovery	rate-	corrected,	cluster	size	≥ 20)	and	time	courses	(for	illustrative	purposes)	shows	morphometric	(left	column)	and	microstructural	
(right	column)	changes	of	spinal	cord	injured	patients	(SCI-	patients)	compared	to	healthy	controls	(HC)	from	baseline	up	to	>5 years.	
For	the	macrostructural	changes,	the	significant	1-	month	volume	decrease	in	SCI-	patients	is	shown	in	green,	1-	month	volume	increase	
of	SCI-	patients	in	yellow,	longitudinal	linear	volume	decrease	in	blue,	and	deceleration	of	linear	volume	decrease	in	magenta.	For	the	
microstructural	changes	(i.e.,	effective	transverse	relaxation	rate	[R2*]	and	magnetization	transfer	saturation	[MTsat]),	significant	1-	month	
MTsat	decrease	in	SCI-	patients	is	shown	in	green,	1-	month	R2*	increase	in	SCI-	patients	in	yellow,	longitudinal	linear	MTsat decrease in 

blue,	and	deceleration	of	linear	MTsat	decrease	in	SCI-	patients	in	magenta.	Corresponding	(for	illustrative	purposes)	macrostructural	and	
microstructural	trajectories	are	shown	for	local	effects	in	voxel-	based	morphometry	and	voxel-	based	quantification	with	healthy	controls	in	
blue	and	SCI-	patients	in	red.	The	bold	solid	lines	depict	the	model	average	of	the	significant	cluster,	and	the	dotted	lines	represent	the	raw	
individual	trajectory	average	of	the	significant	cluster.	Dark	red	indicates	subjects	with	nontraumatic	spinal	cord	injury.	p.u.,	percent	units.
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[3]—continued	this	pattern,	without	evidence	of	slowing	down	over	
5 years,	whereas	the	spinal	cord	showed	signs	of	deceleration.

More	extensive	spinal	cord	lesions	are	associated	with	remote	
neuroinflammatory and neurodegenerative processes across the 

motor	system	for	at	 least	5 years.	 Interestingly,	 the	extent	of	TB	
early after injury is associated with remote degenerative changes 

after 1 month and their rate of change over the subsequent 

5 years.	 Patients	 with	 anatomical	 complete	 lesions	 (i.e.,	 no	 TB)	
show the greatest degenerative changes above the level of injury, 

where	C1–C3	volume	decreased	by	16%	and	C1–C3	MTsat reduced 

by	15%	over	5 years.	This	ongoing	degeneration	has	been	shown	
in	both	animal	models	of	SCI	and	in	human	spinal	cord	specimens	
[39].	In	contrast,	SCI	patients	with	preserved	TB	had	at	least	a	25%	
reduction	 in	 the	 rate	of	C1–C3	atrophy	and	 showed	an	 increase	

of	11%	in	MTsat	content	over	5 years	when	compared	to	baseline.	
This progressive character of supralesional neurodegeneration 

detected	 by	MRI	 speaks	 to	 the	 systemic	 response	 following	 an	
isolated injury to the spinal cord. Therefore, remote and enduring 

degeneration might contribute to functional and cognitive decline, 

which	occurs	in	some	patients	with	SCI	[40],	similar	to	that	found	
in	traumatic	brain	injury	[41].

Both	 lesion	 changes	 and	 remote	 degeneration	 were	 shown	
to	 be	 associated	 with	 recovery.	 SCI	 patients	 without—or	 with	
small—TB	within	 the	 first	month	 showed,	 on	 average,	 a	 relative	
motor	score	recovery	of	5%,	and	subjects	with	an	increase	in	TB	
within the first month showed a relative motor score recovery of 

71%.	This	 finding	 is	 in	 support	 of	 previous	 reports	 in	which	 the	
extent	of	TB	at	1	month	post-	SCI	is	associated	with	tract-	specific	

F I G U R E  3 Impact	of	early	lesion	dynamics	on	remote	neurodegeneration.	Overlay	of	statistical	parametric	maps	(significant	clusters	
p < 0.05	false	discovery	rate-	corrected)	shows	the	correlation	between	baseline	values	in	volume	or	magnetization	transfer	saturation	
(MTsat)	metrics	(left	column)	and	rates	of	change	over	5 years	(right	column)	with	tissue	bridges	(TB)	width	increases	within	the	first	month	
(1-	month TB	–	3-	day TB).	The	association	between	grey	matter	volume	decrease	at	baseline	and	TB	width	increase	within	the	first	month	
is	depicted	in	red.	The	association	between	white	matter	volume	increase	at	baseline	and	TB	width	increase	within	the	first	month	is	
shown	in	yellow.	The	correlation	between	linear	volume	rate	over	5 years	and	TB	width	increase	within	the	first	month	is	depicted	in	green.	
The	correlation	between	linear	MTsat	rate	over	5 years	and	TB	width	increase	within	the	first	month	is	shown	in	blue.	Corresponding	(for	
illustrative	purposes)	scatterplots	show	macrostructural	and	microstructural	baseline	values	(left	column)	and	linear	rates	(right	column)	
over	5 years	and	TB	width	increase	within	the	first	month	per	subject,	with	bold	solid	lines	representing	the	model	average	of	the	significant	
cluster.	Dark	red	indicates	subjects	with	nontraumatic	spinal	cord	injury.
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recovery	and	electrophysiological	 readouts	 [42].	Further	up,	 less	
swelling	 and	 less	myelin-	sensitive	MTsat	 reduction	 in	 the	C1–C3	
was	associated	with	better	motor	recovery	over	5 years.	The	clin-
ical	sequelae	of	 these	MRI	changes	suggests	 that	swelling	might	
be a direct correlate to inflammation and demyelination that oc-
curs	post-	SCI	[43].	Inflammation	is	known	to	reduce	the	integrity	
of	 axons,	 hence	 impeding	 electrophysiological	 message	 passing	
along their projections. Therefore, a rapid decrease in swelling 

and fewer demyelinating fibres could promote recovery. This no-
tion	goes	 in	 line	with	 the	 findings	 that	 in	 the	cortical	GM	of	 the	
motor	 cortices,	 less	 iron-	sensitive	R2*	 accumulation	was	 associ-
ated	with	a	better	SCIM	over	5 years.	Interestingly,	in	addition	to	
acute structural changes being related to outcome, lower atrophy 

rates	in	the	C1–C3	were	also	associated	with	a	better	motor	and	
functional	independence	outcome	over	5 years.	The	identification	

of spatiotemporal trajectories of neurodegeneration, following 

acute	SCI,	may	enable	more	specific	treatment	strategies.
This	 study	has	 some	 limitations.	Although	 there	 is	 strong	his-

tological	evidence	that	both	MTsat	and	R2*	are	sensitive	to	myelin	
and	iron	content	[5, 6],	they	are	only	indirect	markers	with	limited	
specificity.	 Thus,	we	 cannot	 exclude	 a	 partial	 contribution	of	 un-
explored	 physiologic/cellular	 processes,	 and	 the	 results	 need	 to	
be	interpreted	in	conjunction	with	histological	studies	of	SCI.	The	
standard	MRI	for	evaluating	lesion	parameters	was	acquired	on	av-
erage	3.3 days	after	injury,	whereas	the	brain	and	C1–C3	MRI	was	
acquired	about	1	month	post-	SCI.	Nevertheless,	this	delay	still	al-
lowed us to assess rather early remote changes. However, we could 

not assess the peak of the swelling, which happened within the first 

month. Furthermore, it should be noted that we investigated the 

spatiotemporal	 dynamics	 of	 tissue-	specific	 neurodegeneration	 in	

F I G U R E  4 Associations	between	structural	changes	and	clinical	recovery.	Upper	row:	Overlay	of	statistical	parametric	maps	(significant	
clusters p < 0.05	false	discovery	rate-	corrected	corrected)	shows	the	association	between	rates	of	change	in	volumetric	(green)	or	
magnetization	transfer	saturation	(MTsat;	blue)	and	effective	transverse	relaxation	rate	(R2*;	yellow)	metrics	with	clinical	outcome	over	
5 years	(i.e.,	Spinal	Cord	Independence	Measure	[SCIM]	and	International	Standards	for	Neurological	Classification	of	Spinal	Cord	Injury	
motor	score).	The	lower	row	illustrates	differences	in	the	rates	between	patients	with	a	better	final	outcome	(upper	median	of	the	final	SCIM	
[>63	points]	and	motor	scores	[>80	points],	green)	and	patients	with	a	worse	final	outcome	(lower	median	of	the	final	SCIM	[≤63	points]	and	
motor	scores	[≤80	points],	red).	The	bold	solid	lines	depict	the	fitted	model	average	of	the	significant	cluster	for	the	two	groups	with	better	
or	worse	final	clinical	outcomes,	and	the	dotted	lines	represent	the	raw	individual	trajectory	average	of	the	significant	cluster.	Dark	red	and	
dark green represent subjects with nontraumatic spinal cord injury. p.u., percent units.

 1
4

6
8

1
3

3
1

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/en

e.1
6

1
9

6
 b

y
 U

n
iv

ersitätsb
ib

lio
th

ek
 Z

u
erich

, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

1
/0

2
/2

0
2
4
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



10 of 12  |     EMMENEGGER et al.

the	spinal	cord	above	and	below	the	site	of	SCI	in	a	separate	cohort	
[44].	Another	potential	confound	is	scanner	upgrade.	However,	this	
effect could be minimized by the study design, as both controls and 

patients were scanned in the same time period, before and after 

the upgrade. Therefore, both cohorts are equally affected, provid-
ing	 reliable	 statistical	 analyses.	 The	MPM	protocol	 showed	 good	
repeatability between different scanners, allowing for multicenter 

clinical	trials	[25, 26].	Thus,	only	minimal	effects	of	the	scanner	up-
grade	 on	 quantitative	maps	 are	 expected	 [25, 26].	 For	 the	 lesion	
parameters, it has not been demonstrated that variations in scanner 

vendors	or	field	strengths	have	a	strong	influence	[10,	17,	18,	45].	
It	 is	worth	mentioning	that	traumatic	and	nontraumatic	causes	of	
SCI	were	included.	However,	it	was	shown	that	the	focal	lesion	and	
the clinical outcome are not significantly different between both 

etiologies	[10, 46].
In	conclusion,	this	study	shows	that	hyperacute	lesion	changes	

are associated with remote and progressive neuroinflammatory and 

neurodegenerative	 changes	 in	 the	 C1–C3	 and	 brain	 up	 to	 5 years	
post-	SCI.	Surprisingly,	 local	 lesion	changes	subside	within	1	month	
post-	SCI,	 but	 persist	 supralesionally.	 These	 distinct	 spatiotempo-
ral trajectories of neurodegenerative changes provide windows of 

opportunities for targeted treatment within the acute and chronic 

phase	of	 injury.	Consequently,	 treatment	trials	for	acute	SCI	could	
target	local	lesion	changes,	and	trials	for	chronic	SCI	could	include	
neuroprotective	as	well	as	anti-	inflammatory	strategies	[43]	to	pre-
vent or slow down remote degeneration. Tracking remote degener-
ative changes and their associations with lesion characteristics—and 

clinical status—provides valuable insights, which might open new av-
enues	to	understand	better	the	complex	interplay	between	different	
pathophysiological	mechanisms	following	SCI.
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