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Objective: LMNB1-related	autosomal	dominant	leukodystrophy	is	caused	by	an	over-
expression	of	the	protein	lamin	B1,	usually	due	to	a	duplication	of	the	LMNB1	gene.	
Symptoms	start	in	5th	to	6th	decade.	This	slowly	progressive	disease	terminates	with	
death.	We	studied	brain	glucose	metabolism	in	this	disease	using	18F-fluorodeoxy-
glucose	positron	emission	tomography	(PET).
Methods:	We	examined	8	patients,	aged	48-64	years,	in	varying	stages	of	clinical	
symptomatology.	Two	patients	were	investigated	with	quantitative	PET	on	clinical	
indications	 after	which	 six	more	 patients	were	 recruited.	Absolute	 glucose	me-
tabolism	was	analyzed	with	the	PVElab	software	in	6	patients	and	18	healthy	con-
trols.	A	semiquantitative	analysis	using	the	CortexID	software	was	performed	in	
seven	 investigations,	 relating	 local	 metabolism	 levels	 to	 global	 glucose	
metabolism.
Results:	The	clinical	quantitative	PET	revealed	low	global	glucose	metabolism,	with	
the	most	marked	reduction	in	the	cerebellum.	In	the	PVElab	analysis,	patients	pre-
sented	low	mean	glucose	metabolism	in	the	cerebellum,	brainstem	and	global	grey	
matter.	In	the	semiquantitative	analysis,	2	patients	showed	a	decreased	metabolism	
in	the	cerebellum	and	4	patients	a	relatively	higher	metabolism	in	parts	of	the	tempo-
ral	lobes.	Since	none	of	the	patients	showed	an	increased	metabolism	in	the	quantita-
tive	analysis,	we	interpret	these	increases	as	“pseudo-increases”	related	to	a	globally	
reduced	metabolism.
Conclusions:	 Global	 reduction	 of	 grey	matter	 glucose	metabolism	 in	 this	white	
matter	disease	most	likely	depends	on	a	combination	of	cortical	afferent	dysfunc-
tion	and,	in	later	stages,	neuronal	loss.	The	lowest	metabolism	in	the	cerebellum	is	
consistent	with	histopathological	findings	and	prominent	cerebellar	symptoms.
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1  | INTRODUC TION

LMNB1-related	 autosomal	 dominant	 leukodystrophy	 (ADLD)	 is	 an	
adult-onset	disease	in	which	the	first	symptoms	manifest	in	the	5th 
to	6th decade.1,2	The	original	report	described	the	disease	as	a	“he-
reditary	adult-onset	leukodystrophy	simulating	chronic	progressive	
multiple	sclerosis”,1	and	in	some	later	papers	it	has	been	called	adult-
onset	 ADLD	 with	 autonomic	 symptoms.3,4 The disease is caused 
by	an	increased	expression	of	the	nuclear	protein	lamin	B1,	due	to	
either	a	duplication	of	the	LMNB1	gene	(OMIM	#150340)5-7 or en-
hancer	adoption	due	to	a	genomic	deletion.8	The	increased	levels	of	
lamin	B1	seem	to	cause	age-dependent	inhibition	of	lipid	synthesis	in	
oligodendrocytes,	resulting	in	demyelination.9	Lamin	B1	levels	also	
modulate	the	development	of	neurons	and	astroglial-like	cells.10-13

Patients	most	often	present	with	autonomic	dysfunction,	 later	
progressing	 with	 symptoms	 from	 cerebellum	 and	 spinal	 tracts,	
pseudobulbar	signs,	cognitive	decline,	and	finally	death,	usually	ap-
proximately	two	decades	after	symptom	onset.1,2,6	All	patients	seem	
to	develop	bladder	dysfunction	which	is	usually	the	first	symptom.	
In	about	three	quarters	of	the	patients,	orthostatic	hypotension	has	
been	found.2	From	the	cardiovascular	point	of	view,	the	impairment	
of	the	autonomic	control	is	limited	to	the	sympathetic	system.14

Typical	magnetic	resonance	 imaging	 (MRI)	 findings	 in	the	brain	
include	early	 involvement	of	the	cerebellar	peduncles	and	cortico-
spinal	 tracts	 progressing	 to	 symmetrical	 extensive	 cerebral	 white	
matter	 changes.	The	periventricular	 area	 is	 typically	 less	 affected.	
The	spinal	cord	is	abnormally	thin	with	pathological	signal	intensity	in	
the	white	matter.	These	findings,	together	with	clinical	symptoms	of	
myelopathy	with	autonomic	dysfunction,	are	sufficiently	specific	to	
enable	the	diagnosis,	which	can	be	confirmed	by	genetic	analysis.2,6

On	histological	examinations,	myelin	appears	rarefied	and	vacu-
olated.	There	is	no	significant	pathology	in	the	cerebral	cortex,	while	
in	 the	cerebellum	 the	number	of	Purkinje	cells	 is	 reduced	and	 the	
number	of	Bergmann	 astroglial	 cells	 slightly	 increased.3	 In	 studies	
using	magnetic	resonance	spectroscopy,	to	investigate	the	metabo-
lism	in	the	white	matter	in	patients	with	LMNB1-related	ADLD,	lac-
tate	has	been	found	 in	the	cerebrospinal	 fluid	but	not	 in	the	brain	
parenchyma.	 Further,	 metabolite	 levels	 in	 the	 parenchyma	 have	
been	found	to	be	normal	when	quantified	using	creatine	as	an	inter-
nal	reference.15,16	There	are	no	previous	studies	measuring	glucose	
metabolism	in	LMNB1-related	ADLD.

The	aim	of	this	study	was	to	investigate	glucose	metabolism	in	
the	 brain	 in	 LMNB1-related	 ADLD	 using18	 F-fluorodeoxyglucose	
positron	emission	tomography	(FDG-PET).

2  | MATERIAL S AND METHODS

2.1 | Subjects

Eight	patients,	aged	48-64	years,	 from	two	unrelated	families	seg-
regating	for	two	different	LMNB1	duplications	were	examined	with	
quantitative	FDG-PET	of	the	brain.	Patient	details	are	presented	in	 TA
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Table	1.	All	patients	had	pathological	findings	on	MRI.	Figure	1	ex-
emplifies	the	findings	in	Patients	8	and	5,	representing	the	mildest	
and	most	severe	pathological	MRI	changes	in	this	study.	Patients	1	
and	2	had	been	examined	on	clinical	indications	before	the	diagnosis	
of	LMNB1-related	ADLD	was	confirmed.	Because	of	the	rare	findings	
of	pronounced	decreased	glucose	metabolism	in	the	cerebellum,	we	
were	encouraged	to	recruit	six	more	patients	to	investigate	whether	
this	was	a	consistent	 finding	 in	 the	disease.	Data	 from	18	healthy	
controls,	aged	58-69	years,	median	and	mean	64	years,	were	used	
for	comparison	in	a	quantitative	analysis.

2.2 | FDG‐PET technique

Patients	1	and	2	were	examined	according	to	a	standard	clinical	pro-
tocol,	using	a	dynamic	 scan	with	a	 start	directly	after	 intravenous	
injection	of	FDG	and	the	following	frame	durations:	5	×	60	seconds,	
5	×	180	seconds,	 5	×	300	seconds,	 and	 1	×	600	seconds.	 The	 scan	
time	was	55	minutes.	More	details	have	been	described	in	a	previous	
publication.17	Patient	1	was	examined	with	a	Siemens	ECAT	EXACT	
HR+	scanner	(CTI	PET	Systems	Inc.,	Knoxville,	TN,	USA)	and	Patient	
2	with	a	GE	2048-15B	Plus	PET	camera	 (General	Electric	Medical	
Systems,	Uppsala,	Sweden).	Attenuation	correction	was	performed	
using	a	10-minute	transmission	scan	with	rotating	68Ge	rod	sources.

Patients	3-8	and	the	controls	were	examined	with	a	Discovery	
ST	(GE	Healthcare,	USA)	PET/CT	scanner	after	injection	of	3	MBq/
kg	FDG.	In	Patients	3,	5,	6,	and	8,	emission	data	acquisition	started	
at	 the	 time	 of	 FDG	 injection,	 and	 the	 scan	 time	 was	 45	minutes,	

with	the	following	frame	durations:	6	×	10	seconds,	3	×	20	seconds,	
2	×	30	seconds,	 2	×	60	seconds;	 2	×	150	seconds,	 and	7	×	300	sec-
onds.	 Blood	 sampling	 was	 performed	 at	 15,	 25,	 35,	 45,	 60,	 and	
90	seconds,	and	at	2,	3,	5,	7,	10,	20,	30,	and	45	minutes.	In	Patients	
4	and	7	and	the	controls,	the	scanning	started	20	minutes	after	FDG	
injection,	 and	 the	 scan	 time	was	25	minutes	with	 frame	durations	
5	×	300	seconds.	Blood	sampling	was	performed	at	45	seconds	and	
1,	2,	3,	5,	10,	20,	45,	and	60	minutes.	In	all	subjects,	a	heat	pad	was	
used	 to	 arterialize	 venous	 blood.	 Blood	 glucose	 levels	 were	 used	
to	 calculate	 absolute	 values	 for	 glucose	 metabolism	 in	 the	 brain.	
A	low	dose	CT	was	performed	in	the	same	session	for	attenuation	
correction.

2.3 | Data analysis

In	Patient	 7,	 blood	 sampling	 failed	 and	no	quantitative	 data	 could	
be	obtained.	 In	Patients	1,	3-6,	 and	8	and	 in	 the	 controls,	 quanti-
tative	 glucose	 metabolism	 images	 were	 produced	 by	 the	 method	
described	by	Patlak.18	The	data	were	post-processed	using	the	soft-
ware	PVElab19	and	automatically	divided	into	46	volumes	of	interest	
(VOIs)	using	a	probability-based	method.20	Forty-four	of	 these	46	
VOIs	were	bilateral	and	from	these	an	average	value	of	the	two	sides	
was	 calculated.	 Data	 from	 the	 three	 VOIs	 of	 the	 brainstem	were	
also	combined,	leaving	22	VOIs	plus	the	values	of	the	global	glucose	
metabolism.

In	 Patient	 2,	 software	 post-processing	 could	 not	 be	 per-
formed	 as	 the	 original	 data	 of	 the	 examination	 was	 no	 longer	

F I G U R E  1  MR	images	of	the	least	and	most	severely	affected	patients.	Patient	8,	top	row,	presenting	MRI	grade	3	changes	with	T2	
hyperintensities	in	the	cerebellar	peduncles,	along	the	corticospinal	tracts	and	in	the	supratentorial	white	matter	in	the	frontal,	parietal,	
and	occipital	lobes.	A	less	affected	periventricular	rim	can	be	seen	(arrow).	Patient	5,	bottom	row,	presenting	grade	5	changes	with	
extension	of	the	white	matter	changes	into	the	temporal	lobes	as	well	as	enlargement	of	ventricles	and	sulci.	T2-weighted	fluid	attenuation	
inversion	recovery	(FLAIR)	sequence
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extant.	Quantitative	FDG-PET	data	had	been	analyzed	at	the	time	
of	 examination	 using	 Patlak	 analysis	 and	 manual	 delineation	 of	
cortical	and	subcortical	VOIs	as	described	 in	detail	 in	a	previous	
publication.21

FDG-PET	data	from	Patients	1	and	3-8	were	also	analyzed	semi-
quantitatively	 with	 the	 software	 suite	 CortexID	 (GE	 Healthcare,	
Marlborough,	MA,	USA),	using	the	standardized	uptake	value	(SUV)	
of	 the	whole	brain	as	a	 reference	and	comparing	the	findings	to	a	
dataset	of	140	age-matched	healthy	controls	from	the	material	pro-
vided	by	the	manufacturer.	The	original	dataset	of	Patient	2	was	not	
extant	and	could	not	be	analyzed	using	the	CortexID	software.

2.4 | Statistical analysis

Statistical	 analyses	 were	 performed	 using	 the	 free	 software	 R.	
Welch′s	unequal	variance	t	tests	were	performed	to	find	statistically	
significant	differences	in	levels	of	FDG	uptake	and	glucose	metabo-
lism.	No	correction	for	multiple	comparisons	was	performed	but	the	
brain	regions	were	tested	separately.

The	study	was	approved	by	the	regional	ethics	committee	and	
performed	 in	accord	with	the	ethical	standards	of	 the	Declaration	
of	Helsinki.	Subjects	gave	informed	consent	before	participating	in	
the	study.

F I G U R E  2  Glucose	metabolism	vs	age	by	region	of	interest	in	patients	(triangles)	and	healthy	controls	(dots)	as	analyzed	with	PVElab
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3  | RESULTS

3.1 | Absolute glucose metabolism analyzed with 
PVElab in Patients 1, 3‐6, and 8

Figure	2	presents	glucose	metabolism	in	 individual	VOIs	as	well	as	
globally	in	patients	and	controls.	There	was	a	16%	reduction	in	mean	
uptake	in	the	cerebellum	(P	=	0.0098),	a	15%	reduction	in	the	brain-
stem	 (P	=	0.027),	 and	 a	 14%	 reduction	 in	 the	 grey	matter	 globally	
(P	=	0.043).	No	significant	difference	 in	mean	uptake	was	found	in	
any	 other	 region.	 Patient	 1,	 the	 oldest	 patient	 to	 be	 investigated,	
had	significantly	(>	2	SD)	lower	glucose	metabolism	in	5	of	22	VOIs	
(cerebellum,	orbitofrontal	cortex,	medial	and	inferior	frontal	gyrus,	
middle	and	inferior	temporal	gyrus,	posterior	cingulate	cortex,	and	
hypothalamus),	and	in	the	grey	matter	globally.	Glucose	metabolism	
in	 Patient	 5	 (Figure	3),	 who	was	 clinically	most	 severely	 affected,	
with	the	most	pronounced	findings	on	MRI,	was	significantly	lower	
in	nine	VOIs	(brainstem,	cerebellum,	thalami,	putamina,	caudate	nu-
clei,	insular	cortex,	medial	and	inferior	frontal	gyrus,	anterior	cingu-
late	cortex,	and	ventrolateral	prefrontal	cortex)	as	well	as	in	the	grey	
and	white	matter	globally.	Patient	6	had	significantly	lower	metabo-
lism	in	the	caudate	nuclei	and	global	white	matter	compared	to	the	
controls.

3.2 | Quantitative analysis in patient 2

Patient	2	had	approximately	30%	or	1.9	SD	lower	global	glucose	me-
tabolism	compared	to	normal	values,	with	the	cerebellum	showing	
the	most	marked	reduction,	approximately	45%	or	2.2	SD	lower	than	
normal values.

3.3 | Semiquantitative glucose metabolism of 
Patients 1 and 3‐8 analyzed with CortexID

Regions	 of	 interest	 with	 statistically	 decreased	 or	 increased	 FDG	
uptake	compared	to	the	general	FDG	uptake	(z-scores	<−2	or	>	2,	re-
spectively)	are	presented	in	Table	2.	In	Patients	1,	5,	6,	and	8	a	higher	
metabolism	was	found	in	parts	of	the	temporal	 lobes	compared	to	
the	global	metabolism.	In	Patients	1	and	7,	a	decreased	metabolism	
was	seen	in	the	cerebellum.

4  | DISCUSSION

In	this	study	with	FDG-PET,	we	found	a	reduced	mean	glucose	me-
tabolism	 in	 the	 cerebellum,	 brainstem,	 and	 global	 grey	 matter	 in	
patients	with	 LMNB1-related	ADLD.	 The	 lowest	metabolism	 in	 the	
cerebellum	 is	 consistent	 with	 the	 clinical	 cerebellar	 symptoms	 as	
well	as	the	MRI	finding	of	early	and	pronounced	changes	in	the	mid-
dle	cerebellar	peduncles.2	 In	addition,	they	are	compatible	with	the	
earlier	reported	histopathological	findings	of	a	reduction	of	Purkinje	
cells	and	increase	of	Bergmann	astroglial	cells	in	the	cerebellar	cortex	
in	this	disease.3

Four	 of	 seven	 patients	 analyzed	 with	 a	 semiquantitative	
method	had	a	higher	relative	glucose	metabolism	in	the	temporal	
lobes	compared	to	global	metabolism.	However,	since	none	of	the	
patients	showed	an	increased	metabolism	in	the	quantitative	anal-
ysis,	we	interpret	these	findings	as	“pseudo-increases”	related	to	a	
globally	reduced	metabolism.	This	is	of	importance	for	interpreting	
semiquantitative	values	 in	 relation	 to	 the	choice	of	 reference	 re-
gion.	The	relatively	higher	temporal	metabolism	is	in	line	with	the	
evolution	of	MRI	findings	since	the	white	matter	of	 the	temporal	
lobes	is	the	last	white	matter	area	to	be	affected	in	LMNB1-related	
ADLD.2

Previously,	 10	 studies	 or	 case	 reports	 describing	 FDG-PET	
findings	 in	 a	 total	 of	 21	 patients	with	 leukodystrophies	 have	 been	
reported.22-31	Seventeen	of	these	patients	had	X-linked	adrenoleuko-
dystrophy	(X-ALD),	including	adrenomyeloneuropathy	(AMN).	As	glu-
cose	metabolism	is	physiologically	much	higher	in	grey	than	in	white	
matter,	metabolic	changes	on	FDG-PET	could	be	mainly	found	in	grey	
matter,	whereas	abnormal	FDG	uptake	in	white	matter	was	only	de-
scribed	in	three	of	those	21	patients.23,24,26	We	found	a	significantly	
abnormal	uptake	in	two	of	our	eight	patients	in	global	white	matter	
but	there	was	no	significant	difference	between	the	patients	and	the	
controls	as	groups.	Brain	 regions	with	reduced	glucose	metabolism	
were	found	in	all	leukodystrophy	patients	both	in	literature	and	in	our	
study.	In	X-ADL,	increased	metabolic	activity	was	also	detected.24,31 
In	addition	to	the	cortical	areas	overlying	pathological	white	matter,	
analysis	of	brain	glucose	metabolism	could	reveal	abnormalities	in	re-
gions	without	signal	changes	on	MRI22,32	and,	in	AMN	patients,	even	
with	a	totally	normal	MRI.29,31	In	contrast,	no	abnormal	glucose	me-
tabolism	could	be	found	in	the	vicinity	of	some	white	matter	changes	
on	MRI	in	1	patient.31	 In	the	only	previous	multi-subject	PET	study	
on	leukodystrophy,31	a	characteristic	pattern	was	found	for	X-ALD:	
hypermetabolism	 in	 the	 frontal	 areas	 and	anterior	 cingulate	 cortex	
and	hypometabolism	in	the	temporal	areas	and	cerebellum.

The	 physiopathological	 basis	 of	 the	 reduced	 cortical	 glucose	
metabolism	 in	 leukodystrophies	 is	 not	 known	 but	 it	 has	 been	
hypothesized	 that	 hypometabolism	 in	 X-ADL	 is	 not	 due	 to	 true	
pathological	 changes	 in	 these	 areas	 but	 to	 altered	 connectivity,	
deafferentation,	 in	 white	 matter.30,31	 This	 hypothesis	 was	 sup-
ported	by	the	lack	of	cortical	atrophy	in	affected	locales	on	MRI.	
Postmortem	studies	of	X-ALD	have	also	not	shown	any	atrophy.32 
The	increased	levels	of	 lamin	B1	do	not	only	affect	oligodendro-
cytes	and,	secondarily	to	that,	myelin9	but	also	neuronal	develop-
ment.10-12	However,	 in	histopathological	 studies	of	patients	with	
LMNB1-related	 ADLD,	 the	 cerebral	 cortex	 has	 been	 normal.3,33 
Therefore,	we	assume	that	the	globally	decreased	glucose	metab-
olism	in	the	cerebral	cortex	in	LMNB1-related	ADLD	can	mainly	be	
secondary	 to	myelin	 vacuolization	 and	 loss,	 consistent	 with	 the	
extensive	 T2	 hyperintensities	 seen	 on	 MRI,	 causing	 decreased	
functioning	of	 the	 axons	 connecting	different	 cortical	 areas	 and	
deep	grey	matter	structures.	However,	given	the	level	of	atrophy	
presented	 by	 patients	 with	 LMNB1-related	 ADLD	 in	 advanced	
stages,	exemplified	in	Figure	1,	 it	 is	plausible	that	some	neuronal	
loss	 occurs	 in	 the	 cortex,	 and	 the	 decreased	 global	 metabolism	
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might	be	due	to	a	combination	of	axonal	dysfunction	and	neuronal	
loss.	Deafferentation	most	likely	also	influences	in	the	cerebellum	
but,	in	the	cerebellar	cortex,	even	histopathological	abnormalities	
have been described.3	This	 is	consistent	with	the	 lowest	glucose	
uptake	in	the	cerebellum.	Increased	glucose	metabolism,	only	de-
scribed	in	X-ALD,	might	be	a	sign	of	increased	activity	of	neuronal	
cells	in	response	to	disconnection	as	speculated	by	Salsano	et	al31 
It	may	also	correspond	 to	 the	active	neuroinflammatory	process	
in	X-ALD.34

The	age	matching	between	the	patients	and	control	group	is	not	
optimal	in	the	quantitative	part	of	this	study.	For	ethical	reasons,	we	
could	not	recruit	age-matched	controls	for	a	PET	study.	However,	as	

cerebral	glucose	metabolism	decreases	with	age35	and	the	patients	
were	on	average	10	years	younger	than	the	controls,	we	believe	we	
can	trust	the	findings	of	decreased	glucose	metabolism	 in	the	pa-
tients.	Our	most	severely	affected	patient	was	7	years	younger	than	
the	average	age	of	the	controls.

In	conclusion,	in	patients	with	LMNB1‐related	ADLD,	mean	glu-
cose	metabolism	 is	 decreased	 in	 the	 cerebellum,	 brainstem	 and	
global	grey	matter.	The	cerebellar	findings	are	consistent	with	clin-
ical	 cerebellar	 symptoms,	MRI	 findings,	 and	histopathology.	 The	
global	reduction	of	glucose	metabolism	most	likely	depends	on	a	
combination	of	cortical	afferent	dysfunction	and	neuronal	loss	al-
though	a	direct	effect	to	neuronal	cells	cannot	be	excluded.

F I G U R E  3  FDG-PET	images	of	the	
most	severely	affected	patient	(Patient	
5,	A-C)	compared	with	a	healthy	control	
(D-F).	Axial	(A,	D),	coronal	(B,	E),	and	
sagittal	(C,	F)	images	showing	decreased	
glucose	metabolism	in	the	patient

Patient Areas with z‐score <−2 Areas with z‐score >2

1 L	Prefrontal	lateral	[−2.44]	R	Posterior	
cingulate	[−3.08]	R	Parietal	inferior	[−2.34]	
Cerebellum	[−2.10]

L	Occipital	lateral	[+2.44]	 
L	Temporal	mesial	[+2.10]

3 L	Precuneus	[−3.36] None

4 None None

5 R	Prefrontal	lateral	[−3.01]	R	Anterior	
cingulate	[−3.00]	L	Anterior	cingulate	
[−3.48]

L	Occipital	lateral	[+2.52]	 
L	Temporal	lateral	[+2.25]	 
R	Temporal	mesial	[+2.72]	 
L	Temporal	mesial	[+2.73]

6 L	Anterior	cingulate	[−2.01] L	Occipital	lateral	[+2.05]	 
R	Temporal	lateral	[+3.95]	 
L	Temporal	lateral	[+2.21]	 
R	Temporal	mesial	[+2.36]

7 Cerebellum	[−3.59]	Pons	[−3.29] R	Prefrontal	lateral	[+2.68]	 
R	Parietal	inferior	[+2.17]

8 None R	Precuneus	[+2.25]	 
R	Parietal	superior	[+2.56]	 
R	Temporal	lateral	[+2.63]

z-score,	standard	score	(number	of	standard	deviations	from	the	mean);	L,	left;	R,	right.

TA B L E  2  Regions	with	glucose	
metabolism	lower	or	higher	than	globally	
in	the	brain	in	the	semiquantitative	
analysis	with	the	CortexID	software	suite
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