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Short Communication
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Abstract. Electron tomographic reconstructions suf-
fer from a number of artefacts arising from effects 
accompanying the processes of acquisition of a set of 
tilted projections of the specimen in a transmission 
electron microscope and from its subsequent compu-
tational handling. The most pronounced artefacts 
usually come from imprecise projection alignment, 
distortion of specimens during tomogram acquisi-
tion and from the presence of a region of missing 
data in the Fourier space, the “missing wedge”. The 
ray artefacts caused by the presence of the missing 
wedge can be attenuated by the angular image filter, 
which attenuates the transition between the data and 
the missing wedge regions. In this work, we present 
an analysis of the influence of angular filtering on the 
resolution of averaged repetitive structural motives 
extracted from three-dimensional reconstructions of 
tomograms acquired in the single-axis tilting geo-
metry.
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Introduction

In electron tomography, three-dimensional recon-
structions are computed from a set of tilted projections 
of	a	region	of	interest	(a	tomogram)	acquired	in	a	trans-
mission	electron	microscope	(TEM).	Unfortunately,	the	
computed	three-dimensional	(3D)	reconstructions	often	
suffer from severe artefacts that arise from an imprecise 
projection alignment, from the instability of specimen’s 
structure during tomogram acquisition, and from the 
 inability to record projections in the full tilting range of 
±	90°.	In	a	TEM,	the	range	of	angular	tilting	of	the	typi-
cal	~100-300	nm	thick	specimen	slices	is	restricted	not	
only due to the design of TEM’s lenses, specimen hold-
ers and specimen supporting grids, but also by the in-
creasing effective thickness of the inspected specimen 
slices	at	tilting	(Koster	and	Barcena,	2006;	Penczek	and	
Frank,	2006).	Since	 two-dimensional	Fourier-trans	for-
med	projections	are	central	sections	through	3D	Fourier	
space	of	the	object	being	reconstructed	(Frank,	2006a),	
it	is	obvious	that	a	portion	of	the	3D	Fourier	space	does	
not	contain	any	experimental	data	due	to	the	limited	tilt-
ing range. This portion of the Fourier space is usually 
referred	 to	as	 the	“missing	wedge”.	At	 the	 single-axis	
tilting projection acquisition scheme, the missing wedge 
has a form of a sharply delimited double V-shaped re-
gion. Its Fourier transformation leads to the well-known 
impulse	response	(e.g.,	Komrska,	1983;	Carazo,	1992;	
Kovacik	et	al.,	2014),	which	gives	rise	to	three	typical	
artefacts:	(1)	four	pairs	of	side	rays	of	relatively	low	in-
tensity	but	infinite	in	length,	emanating	from	the	neigh-
bourhood of the central spot of the impulse response 
(Komrska,	 1983),	 (2)	 elongation	 of	 the	 reconstructed	
features	in	the	direction	of	the	axis	of	the	missing	wedge,	
and	(3)	side	minima	joining	the	central	spot	in	the	direc-
tion	of	the	x-axis.
In	our	previous	paper	(Kovacik	et	al.,	2014)	we	have	

introduced	an	angular	filter,	which	dampens	 the	 sharp	
transition of the data-covered portion of the Fourier 
space of the reconstructed object to the missing wedge 
area,	so	that	it	basically	acts	as	a	directional	filter	reduc-
ing both the length and the intensity in the ray artefacts 
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of	the	impulse	response	in	the	single-axis	tilting	geom-
etry.	We	found	that	angular	filtering	leads	to	an	overall	
smoothing	 of	 single-axis	 tomographic	 reconstructions	
and to an easier interpretation of reconstructed volumes, 
particularly in case of low-dose cryo-electron recon-
structions, which contain high amounts of noise due to 
the limited total dose of electrons that can be used for 
tomogram acquisition before the specimen under obser-
vation becomes unacceptably damaged (e.g., Koster and 
Barcena,	2006).

In this study, we present early results of an analysis of 
the	effect	of	angular	filtering	on	the	resolution	of	sub-
tomogram averages. In sub-tomogram averaging, iden-
tical structural motifs appearing in random orientations 
within one or more reconstructed electron tomographic 
volumes are semi-automatically located, aligned and 
averaged	in	order	to	produce	a	3D	map	of	electron	den-
sity with a higher signal-to-noise ratio (Ofverstedt et al., 
1997;	Frangakis	et	al.,	2002;	Frangakis	and	Rath,	2006).	
This technique is especially helpful in cryo-electron to-
mography of frozen-hydrated specimens where it great-
ly	simplifies	interpretation	of	subtle	biologically	signifi-
cant structures, which appear distorted in reconstructed 
tomograms due to high amounts of additional noise and 
the missing wedge artefacts. 

Material and Methods
Four	 single-axis	 cryo-electron	 tomographic	 recon-

structions containing repetitive structures were inspect-
ed, all of them were reconstructed by the weighted back-
projection method in the IMOD reconstruction software 
for	electron	tomography	(Kremer	et	al.,	1996).

Inspected datasets 

Cryo-ET reconstruction of whole cells of 
Trypanosoma brucei 

Specimen preparation for electron tomography and 
acquisition of cryo-EM tomograms was described ear-
lier	in	Höög	et	al.	(2012).	In	short,	low-dose	single-axis	
tilting series of portions of whole-plunged cells of T. 
brucei	were	acquired	at	a	Tecnai	F30	TEM	(FEI,	Hills-
boro,	 OR)	 equipped	 with	 a	 300	 kV	 FEG,	 4K	 Gatan	
UltraCam CCD and the Tridiem Gatan Imaging Filter. 
Eighty-one	 projections	 with	 angular	 spacing	 of	 1.5°	
were	acquired	at	 the	27,500×	magnification	within	the	
±	60°	angular	range	in	the	zero-loss	mode	of	the	energy	
filter	with	an	energy	window	of	20	eV	at	 the	nominal	
defocus	of	-6	μm.	The	total	dose	was	90	e-/Å2. Re con-
structions	were	low-pass	filtered	with	a	cutoff	of	3	nm	
and	 non-linear	 anisotropic	 diffusion	 (NAD)	 filtered	
(Frangakis	and	Hegerl,	2001)	also	 in	IMOD,	with	k	=	
0.01	and	20	iterations.	NAD	filtering	was	performed	af-
ter	angular	and	low-pass	filtering.	Fifty-five	volumes	of	
100×100×40	 pixels	 containing	 the	 repetitive	 para-fla-
gellar	rod	(PFR)	structure	were	located	in	the	flagellum	
of T. brucei	 and	extracted	 from	a	 single	 reconstructed	

stack	and	subjected	to	sub-volume	averaging.	The	final	
pixel	 size	 in	 the	 sub-volume	 average	 corresponded	 to	
0.94	nm.

Cryo-ET reconstructions of axonemes isolated from 
Chlamydomonas reinhardtii cells
Two	single-axis	 tilting	 reconstructions	of	 axonemes	

isolated	 from	 the	 flagella	 of	 (i)	 the	 pseudo	 wild-type	
(pwt)	of	C. reinhardtii cells (phenotypically, biochemi-
cally, and structurally undistinguishable from wild-type 
(Rupp	and	Porter,	2003)	and	(ii)	the	6E6	mutant	cells	of	
C. reinhardtii	(exhibiting	reduced	motility	and	structur-
al	defects	in	the	flagella	(Dymek	et	al.,	2011))	are	avail-
able as a sample dataset for sub-volume averaging with 
the	 PEET	 package	 at	 ftp://bio3d.colorado.edu/pub/
PEET/sampleDatasets/Axoneme/.	 The	 reconstructions	
were	created	by	Heuser	et	al.	(2012);	preparation	of	the	
isolated	axonemes	for	electron	tomography	is	described	
in	Heuser	et	al.	(2012)	and	Nicastro	(2009).	In	their	ex-
periments, tomogram images were obtained with a 
Tecnai	F30	TEM	(FEI)	at	300	kV	accelerating	voltage	
tilted	typically	from	−65	to	+65°	in	1.5–2.5°	angular	in-
crements	 at	 a	 magnification	 of	 13,500×,	 with	 a	 final	
pixel	size	of	1	nm.	The	accumulative	electron	dose	was	
restricted	to	~100	e/Å2 to avoid radiation damage. The 
reconstruction	was	not	treated	by	any	filter	prior	to	sub-
volume	averaging.	One	hundred	and	fifty-nine	and	162	
sub-volumes	50×50×50	voxels	large	containing	an	ax-
onemal repeat with three radial spokes (Heuser et al., 
2012)	were	extracted	 from	reconstructed	stacks	of	 the	
axonemes	of	the	pseudo	wild-type	and	the	6E6	mutant	
of C. reinhardtii,	respectively.	The	final	pixel	size	in	the	
sub-volume	average	corresponded	to	2	nm.	

Cryo-ET reconstructions of Eg5-microtubule 
complexes
A	single-axis	tilting	reconstruction	of	microtubules	in	

complex	with	the	Eg5	monomeric	motor	domain	is	also	
available as a sample dataset for sub-volume averaging 
with	the	PEET	package	at	ftp://bio3d.colorado.edu/pub/
PEET/sampleDatasets/MT/.	Specimen	preparation	 and	
computation of reconstructions are described in Cope et 
al.	 (2010).	 In	 this	experiment,	 tomogram	images	were	
obtained	with	a	Tecnai	F20	TEM	(FEI)	at	200	kV	ac-
celerating	voltage	 tilted	 typically	 from	−60	 to	+60°	 in	
1.5°	angular	increments	at	a	magnification	of	29,000×,	
with	a	final	pixel	size	of	0.9	nm.	The	accumulative	elec-
tron	dose	was	restricted	to	~100	e/Å2 to avoid radiation 
damage.	The	reconstruction	was	not	treated	by	any	filter	
prior to sub-volume averaging. Two hundred and forty-
one	sub-volumes	46×54×46	voxels	large	containing	six	
helical	repeats	of	the	microtubule	were	extracted	from	
the reconstructed stacks and subjected to sub-volume 
averaging. After imposing the 15-fold symmetry, the 
number	of	averaged	subunits	increased	to	2590.	The	fi-
nal	pixel	size	in	the	sub-volume	average	corresponded	
to	0.9	nm.

Sub-Volume Averaging with Angular Filtering in El. Tomography
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Angular filtering
Angular	and	 low-pass	filtering	of	 raw	reconstructed	

datasets	was	performed	with	 the	BflyTool	package	for	
angular	filtering	(Kovacik	et	al.,	2014);	the	values	of	the	
highest-tilt angles necessary as input parameters for 
successful	 angular	 filtering	 were	 measured	 in	 Matlab	
(MathWorks,	Natick,	MA)	individually	for	each	recon-
struction.	In	all	cases,	the	parameters	of	the	angular	fil-
ter used followed recommendations provided in Kova-
cik	et	al.	(2014)	and	had	these	parameters:	
–	 Profile	of	both	the	missing	wedge	and	central	stripe	
ramps:	4th order Butterworth 

–	 Length	of	the	missing-wedge	ramp:	65	pixels	
– Weight of the missing-wedge ramp at the highest-tilt 
projection:	0.2	

–	 Central	stripe	cutoff	length:	24	pixels	

Sub-volume averaging
Sub-volume averaging was performed with the PEET 

package	 (Nicastro	et	al.,	2006)	of	 the	 IMOD	software	
prior	to	and	after	angular	filtering	of	the	reconstructed	
datasets. In order to minimize the missing wedge arte-
facts and to combine the individual particle data into the 
final	average,	the	PEET	package	allows	weighted	aver-
aging in Fourier space instead of in object space, with 
each	particle	contributing	to	the	final	averaged	volume	
only with regions lying outside of its tomographic miss-
ing wedge. All sub-volume averages in this study were 
computed with this option. Furthermore, the PEET 
package also allows randomization of initial orienta-
tions of individual particles, which can be used to re-
strict angular search ranges for particles possessing 
some kind of symmetry. This option basically increases 
the	chance	that	the	search	algorithm	finds	a	local	maxi-
mum outside of the missing wedge, and therefore fur-
ther	reduces	the	influence	of	the	missing	portion	of	data	
in source tomograms. Apart from algorithmic enhance-
ments reducing the effect of the missing projection data, 
the	symmetry	of	specimens	(if	present)	can	be	exploited	
directly, so that only volumes containing individual 
asymmetric subunits are subjected to averaging, which 
leads to reduction of both the noise and the missing 
wedge	artefacts	 in	 the	final	averages	because	 they	are	
contributed to by a larger number of asymmetric subu-
nits with varying spatial orientations. 

While	the	PFR	and	the	axoneme	sub-volumes	do	not	
possess any symmetry that could be directly employed 
to eliminate the missing-wedge artefacts, the individual 
αβ-tubulin	subunits	of	the	microtubules	decorated	with	
the	Eg5	monomers	are	arranged	in	a	15-fold	helix	along	
the	axis	of	the	microtubule,	with	a	pitch	of	8	nm.	There-
fore, we used both the randomization of initial orienta-
tions and the reduction of the search range in order to 
estimate	the	effect	of	angular	filtering	on	the	resolution	
of symmetric averages.

Resolution of the averaged volumes was estimated by 
the calcFSC programme of the PEET package at the 
conservative	level	of	the	Fourier	shell	correlation	(FSC)	
coefficient	(Frank,	2006b)	of	0.5.	The	FSC	coefficient	is	
calculated	 in	 Fourier	 space	 after	 alignment	 of	 all	 ex-
tracted	 sub-volumes.	 The	 extracted	 sub-volumes	 are	
then randomly split into two groups of equal size, and 
the	FSC	coefficient	is	computed	by	comparing	their	av-
erages	in	3D	Fourier	space	(Nicastro	et	al.,	2006).

Results and Discussion
The	 resolution	 of	 averaged	 particles	 extracted	 from	

original	and	angularly	filtered	reconstructions,	estimat-
ed	at	the	level	of	0.5	of	the	FSC	coefficient,	is	presented	
in Table 1.

1. Symmetric microtubule-Eg5 complexes
Inspecting the resolution of sub-volume averages 

computed from the tomogram of highly symmetric mi-
crotubules	prior	to	angular	filtering	(lines	4–6	in	Table	
1),	it	is	obvious	that	both	randomization	of	initial	orien-
tations and full utilization of symmetry increase the 
achieved	resolution.	As	expected,	it	is	in	particular	the	
full symmetry utilization that advances the resolution, in 
this	case	by	~0.56	nm.	In	contrast	to	this	improvement,	
sub-volume	averages	computed	from	angularly	filtered	
volumes	did	not	significantly	alter	the	resolution	of	the	
symmetrized averages. There is only one small im-
provement of ~0.1 nm in case of the unsymmetrized 
sub-volume averages.

2. Asymmetric sub-volumes
Averaged	sub-volumes	with	no	symmetry	(axonemes)	

or	volumes	whose	symmetry	is	difficult	to	exploit	(para-

L.	Kováčik	et	al.

Table 1. Resolution of averaged structural motifs aligned and extracted from 3D reconstructions prior to and after angu-
lar filtering, estimated by the Fourier shell correlation (FSC) at level 0.5

Specimen Number of averaged 
sub-volumes

FSC = 0.5 resolution (nm) Difference 
(nm)

unfiltered filtered
1 Paraflagellar	rod 55 5.65 5.43 -0.22
2 Axoneme	pWT 159 5.18 5.13 -0.05
3 Axoneme	6E6 162 5.37 5.13 -0.25
4 Microtubule, no symmetry utilization 241 3.85 3.75 -0.10
5 Microtubule,	random	axial	rotations 241 3.78 3.80 0.02
6 Microtubule,	random	axial	rotations	and	symmetrization 2590 3.29 3.26 -0.03
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flagellar	 rod)	 computed	 from	 angularly	 filtered	 tomo-
grams	 all	 have	 higher	 resolution	 than	 their	 unfiltered	
counterparts.	While	the	PFR	and	6E6	axoneme	averages	
extracted	 from	 angularly	 filtered	 tomograms	 exhibit	
resolution	increased	by	>	0.2	nm	compared	to	their	un-
filtered	counterparts,	the	gain	is	only	~0.05	nm	for	the	
pWT	axonemes.	Figure	1	shows	that	even	the	improve-
ment	of	~0.2	nm	suffices	to	improve	interpretability	of	
the	final	 averages	of	 the	6E6	axonemes.	 In	particular,	
the individual tubulin subunits and the microtubule in-
ner proteins appear clearly in the average computed 
from	the	angularly	filtered	volume,	while	they	are	con-
siderably	smeared	in	the	unfiltered	sub-volume	average.	

Conclusions
The	acquired	results	indeed	confirm	that	sub-volume	

averaging is capable of successful management of the 
missing-wedge artefacts and other noise occurring in 
single-axis	tilting	electron	tomographic	reconstructions,	
particularly	 if	 orientations	 of	 individual	 particles	 ex-
tracted from the reconstructed stacks are distributed 
over the full spherical range or if symmetry of the spec-
imen	 can	 be	 used	 to	 fill	 the	 data-free	 missing-wedge	
area in the Fourier space of the averaged volume. In 
such	cases,	angular	filtering	seems	to	be	of	little	use,	as	
indicated by the achieved resolutions of the sub-volume 

averages of the Eg5-decorated microtubule repeats. If, 
however,	 a	 limited	 number	 of	 individual	 particles	 ex-
hibit a preferential orientation within the reconstructed 
stacks,	which	is	the	case	of	the	6E6	axonemal	and	para-
flagellar	 rod	 sub-volumes,	 then	 the	 reduction	 of	 the	
side-ray artefacts in the reconstructed stacks may in-
crease	the	resolution	of	the	final	sub-volume	average.	In	
comparison, while a ~10-fold increase of the number of 
randomly oriented asymmetric subunits (in the case of 
Eg5-decorated	microtubules)	resulted	in	a	resolution	in-
creased	by	~0.56	nm,	angular	filtering	alone	was	capa-
ble	of	increasing	the	resolution	by	as	much	as	~0.25	nm	
(6E6	axonemes)	at	 the	same	number	of	averaged	sub-
volumes. 
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