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a b s t r a c t

A critical issue in quantitative neuromorphology is the accuracy and subsequent reliability of the trac-
ing techniques employed to characterize neuronal components. Historically, the camera lucida was the
only option for such investigations. In 1987, MBF Bioscience, Inc. (Williston, VT) developed the integra-
tive Neurolucida computer-microscope system, replacing the camera lucida drawing tube with a Lucivid
cathode ray tube, thereby allowing computer overlays directly on the view through microscope oculars.
Subsequent advances in digital cameras have allowed the Lucivid system to be replaced so that micro-
scope images can be traced by viewing the digital image on a computer monitor. Indeed, the camera
systems now outsell Lucivid systems 9 to 1 (J. Glaser, personal communication, 08/2008). Nevertheless,
researchers seldom note which of these configurations are being used (which may confound the accuracy
of data sharing), and there have been no published comparisons of the Lucivid and camera configura-
tions. The present study thus assesses the relative accuracy of these two hardware configurations by
examining reconstructions of human pyramidal neurons. We report significant differences with respect
to dendritic spines, with the camera estimates of spine counts being greater than those obtained with the
Lucivid system. Potential underlying reasons (e.g., magnification, illumination, and resolution, as well as
observer ergonomic differences between the two systems) for these quantitative findings are explored
here, along with qualitative observations on the relative strengths of each configuration.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Accurate reconstruction and analysis of neuronal elements is
the goal of neuromorphology. Before the advent of computer
microscopy, quantitative reconstructions of neuronal elements
(e.g., dendritic lengths and arborizations) required a camera lucida
setup that allowed the investigator to trace a cell by hand onto
paper. Two-dimensional reconstructions of a dendritic arbor could
then be roughly extrapolated to three dimensions using computer
programs (Jacobs and Scheibel, 1993). Glaser and Van der Loos
(1965) were the first to accomplish accurate 3D reconstructions
(tracings) using a computing light microscope and analog tech-
niques. In 1980, Glaser and Van der Loos patented the image
superimposition technique: a cathode ray tube (CRT) mounted to
the microscope projected a computerized overlay onto the image
as seen through the oculars. The overlay depicts a tracing cur-
sor and a control panel with several different tools. This system
became known as the ICCM (image combining computer micro-
scope) and was Unix based (Glaser et al., 1983). It evolved several
years later into the commercial Neurolucida system (henceforth

∗ Corresponding author. Tel.: +1 719 389 6594; fax: +1 719 389 6284.
E-mail address: BJacobs@ColoradoCollege.edu (B. Jacobs).

referred to as Lucivid) that became adapted to the PC (Glaser and
Glaser, 1990).

Early tracing systems had been proposed whereby the micro-
scope image was viewed on a computer or television monitor
(Paldino, 1979; Yelnik et al., 1981); however, these systems
were not optimal until camera technology transitioned from low-
resolution (640 × 480) to high-resolution (1600 × 1200) digital
cameras. Other semi-automatic systems not utilizing a CRT or
a camera were also developed. These allowed for neurons to
be reconstructed by direct observation through the microscope
(Wann et al., 1973; Overdijk et al., 1978). Although these sys-
tems were arguably more accurate and less time-consuming than
early manual tracings, the reconstructions they produced were
not ideal, lacking the varicosities, taperings, and contours of the
dendrite (Wann et al., 1973). Until recently, the Lucivid sys-
tem remained one of a limited number of neuromorphological
methodologies. Presently, however, the digital camera setup out-
sells the Lucivid system 9 to 1 (J. Glaser, personal communication,
08/2008).

To our knowledge, tracings made by both the Lucivid and cam-
era systems have never been quantitatively compared. In fact,
many authors fail to indicate which hardware setup they use
(Bruno et al., 2009; Hauser et al., 2009), our laboratory included
(Jacobs et al., 2001). Because neuronal reconstruction depends
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Fig. 1. Photograph of the Neurolucida tracing workstation. From left to right: (a) the Dell LCD monitor that displays the Lucivid (image plus CRT overlay, not in use); (b)
stage-controlling joystick; (c) microscope with Lucivid CRT mounted behind the trinocular head and the camera mounted above the head; (d) the Dell LCD monitor that
displays the camera images; a trace is in progress.

largely on the abilities of the tracer, and distinct laboratories and
investigators possess tracing idiosyncrasies that reduce reliability
(Ascoli, 2006), more detailed information regarding tracing pro-
cedures could reduce potential data inconsistencies. The reliance
of researchers on past studies as well as the growing trend of data
sharing (e.g., www.NeuroMorpho.Org) urge careful methodological
descriptions.

The present study addresses both quantitative and qualitative
differences between Lucivid and camera tracings of pyrami-
dal neurons. Despite system-related differences in magnification,
resolution, and illumination, there was no a priori reason to sus-
pect quantitative tracing differences in the two hardware setups.
However, qualitative, ergonomic differences were immediately
apparent, and are discussed below along with suggestions on min-
imizing differences between the two tracing methods.

2. Materials and methods

2.1. Subjects

Brain samples from three separate cortical areas (insula, supe-
rior parietal lobule, and Wernicke’s area) were removed from five
human subjects. Tissue samples were donated by Dr. R. Bux of the
El Paso County coroner’s office. Autopsy records indicated that the
tissue was neurologically normal and that autolysis time was under
24 h. This research was approved by The Colorado College Human
Subjects Review Board (#H94-004).

2.2. Tissue processing

Tissue blocks, which remained in 10% buffered formalin for two
weeks prior to staining, were processed according to a modified
rapid Golgi technique (Scheibel and Scheibel, 1978) and subse-
quently vibratome-sectioned at 120 �m perpendicular to the long
axis of the gyrus.

2.3. Cell selection and dendritic quantification

All traced neurons (N = 30) were supragranular pyramidal cells
that met previously detailed criteria (Jacobs et al., 1997, 2001); in
general, neurons were relatively isolated, fully impregnated, and as
complete as possible (i.e., not overly sectioned or broken).

Cells were traced in three dimensions (the x-, y-, and z-planes)
using an Olympus BH-2 microscope under an Olympus planachro-
mat 40× (0.70 numerical aperture, NA) dry objective interfaced
with a Neurolucida system (MBF Bioscience, Williston, VT). The
Neurolucida Lucivid system utilizes a green phosphor CRT over-
lay (Model MR1-103, MBF Bioscience), which is mounted directly
beneath the super-wide-field trinocular head (model 1-L0229,
Olympus) with SWHK 10XL eyepieces (Olympus). The overlay is
simultaneously viewed on a Dell E248WFP 24-in. LCD monitor (see
Fig. 1), which is set at a resolution of 800 × 600. The Neurolucida
camera system utilizes a MicroFire Digital CCD 2-Megapixel camera
(Optronics, Goleta, CA), which is mounted on the trinocular head.
The camera image is viewed on a separate Dell E248WFP 24-in. LCD
monitor (see Fig. 1) set at a higher resolution (1920 × 1200) than the
Lucivid monitor. The microscope stage is motorized and controlled
by a joystick (MAC 2000, Ludl Electronics Products, Hawthorn, NY).

Selected cells were traced once using each setup. The order in
which cells were traced (i.e., Lucivid first or camera first) was coun-
terbalanced to reduce practice effects. Tracings always began at the
soma and continued with each subsequent basilar dendrite until
the dendritic arbor, including all visible spines, was fully traced.
In keeping with previous protocols (Anderson et al., 2009), nei-
ther dendritic thickness nor apical dendrites were traced, and spine
subtypes (e.g., stubby, mushroom, or thin; Horner, 1993) were not
differentiated.

2.4. Dependent measures

Dendritic data were automatically compiled according to cen-
trifugal nomenclature (Uylings et al., 1986a) by the Neurolucida
software. Data were analyzed using five previously described mea-
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Fig. 2. Bar graphs comparing the camera and Lucivid. (A) For TDL (�m/cell), no significant difference was found between tracing types. (B) Camera traces had a significantly
greater DSD (spines/�m) than Lucivid tracings. (C) Traces completed on the camera had a significantly greater DSN (spines/cell) than those of the Lucivid. Error bars represent
SEM.

sures of dendritic complexity (Jacobs et al., 2001). Briefly, total
dendritic length (TDL, �m) is the linear sum of all basilar den-
drites. Mean segment length (MSL, �m) is the average length of
each segment, and dendritic segment count (DSC) is the number
of segments per cell. Dendritic spine number (DSN) is the sum of
spines per cell, and dendritic spine density (DSD) is the average
number of spines per micron.

2.5. Independent variables and analysis

Three individuals (E.Y., K.A., B.J.) each traced 10 different cells
twice (once by each hardware setup), for a total of 60 tracings. The
data were grouped by system type (camera or Lucivid) and ana-
lyzed by paired samples t-test (SPSS version 17 for Mac) to test
the effects of each tracing method on the dependent measures. The
three tracers each represented a different level of tracing experi-
ence: one was a novice (E.Y.), one an intermediate (K.A.), and the
third an experienced (B.J.) tracer. Tracers were initially tested for
both intra- and inter-rater reliability by tracing the same dendritic
arbor 10 times. For intra-rater reliability, the average coefficients of
variation for all three raters were 5% for soma size, 2% for TDL, and
5% for DSN. A split-plot design further tested the intra-rater relia-
bility by comparing the first five tracings to the final five tracings
(˛ = 0.05), and no significant differences were found. For inter-rater
reliability, tracers were normed by comparing ten of their tracings
to the same ten tracings completed by the primary investigator
(B.J.). The averages of the correlations for all tracers were 97% (soma
size), 96% (TDL), and 96% (DSN).

3. Results

Both quantitative and qualitative differences were noted
between tracings with the camera and the Lucivid systems.
Quantitatively, analyses revealed significant differences for DSN,
t(29) = 6.7, p < 0.001, whereby cells traced with the camera
system (M = 480 ± 44 spines/cell) exhibited approximately 17%
more spines (see Fig. 2) than those traced with the Lucivid
system (M = 400 ± 40 spines). In terms of DSD, there was a
significant difference between cells traced with the cam-
era system (M = 0.22 ± .02 spines/�m) and the Lucivid system
(M = 0.18 ± .01 spines/�m), t(29) = 7.4, p < 0.001, by approximately
18% (see Fig. 2). The difference in tracing time was small, but signif-
icant, t(29) = 3.1, p < 0.01, with camera tracings (M = 28.5 ± 2.2 min)
requiring an average of two and a half minutes more than the
Lucivid tracings (M = 26.0 ± 2.2 min). There were no significant dif-
ferences between the two systems for any of the other dependent
measures.

Because the significant differences in spine measures suggested
potential magnification issues between the Lucivid and the cam-
era setups, we explored the issue further by comparing the DSD of
ten 50 �m dendritic segments traced (by B.J.) with both hardware
setups (i.e., camera versus Lucivid) under different magnification
levels (i.e., 40× and 100×-oil, with an Olympus UVFL100, 1.3 NA
objective). Order of tracing was counterbalanced to avoid prac-
tice effects. Results indicated a stepwise increase in DSD from the
Lucivid-40× tracings to the Camera-100× tracings (see Fig. 3). A
2 × 2 doubly repeated measures ANOVA indicated that there were
significant differences, F(1,9), = 27.7, p < 0.001, between the two the
hardware setups, and between the two levels of magnification,
F(1,9), = 14.9, p < 0.0014.

Qualitatively, several notable differences existed between trac-
ings made with the Lucivid versus the camera systems. As noted
above, the first involves overall magnification, with the camera
system providing greater magnification than the Lucivid. Secondly,
the two systems differ in their requirements for background illu-
mination through the microscope. The Lucivid system, because it
utilizes a luminescent CRT overlay, functions best with relatively

Fig. 3. Bar graph comparing the average spine density (DSD, spines/�m) of ten
50 �m dendritic segments traced with the camera and the Lucivid under 40× and
100×-oil objectives. Traces completed on the camera had a significantly greater DSD
than those on the Lucivid for each of the magnifications. Moreover, DSD estimates
increased from 40× to 100×-oil. Note that this 50 �m segment exhibits greater DSD
values those presented in Fig. 2B because the whole-cell DSD values in Fig. 2B also
include first and second order branches, which generally have fewer spines. Error
bars represent SEM.
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lower levels of microscopic illumination. In contrast, the camera
system allows higher illumination levels. Thirdly, differences exist
in how each hardware setup responds to movement of the micro-
scope stage in the x-, y-, and z-planes. The Lucivid system transitions
relatively smoothly in response to stage adjustments. By compar-
ison, with the camera, if the exposure settings are too long, the
system occasionally lags and blurs in changing the image to match
the stage. Finally, ergonomic differences (e.g., viewing through ocu-
lars versus on a large computer screen, or differences in sitting
position) may influence the tracer, particularly a novice tracer with
little microscope experience. The effects of these differences are
addressed below.

4. Discussion

The present study compared MBF’s Lucivid and camera sys-
tems to determine if these two setups had a significant effect on
neuronal quantification. Previous research suggests that, due to
the inherent subjectivity of neuronal reconstruction (Ascoli et al.,
2001) individual tracers may create distinct reproductions of the
same cell (Jaeger, 2001). Moreover, comparisons across laborato-
ries of the reconstructions of one cellular anatomical class revealed
significant differences that were greater than those of each individ-
ual laboratory’s experimental parameters (Scorcioni et al., 2004).
As such, the current study did not focus on comparisons across
the three investigators; instead, we examined differences between
hardware setups (although our setup is, admittedly, unique to our
laboratory). Similarly, we did not attempt to compare the abso-
lute accuracy of the two hardware systems. It is well known that
spine counts typically underestimate actual spine numbers (Jacobs
et al., 1997, 2001). Although techniques such as obverse–reverse
computer microscopy (Glaser and Van der Loos, 1981) or serial
reconstructions using electron microscopy (White et al., 2004) may
provide more accurate spine estimates than a Neurolucida tracing,
these methods are not practical for extensive neuromorphological
research, where multiple neurons are quantified in their entirety.

In general, significant differences between Lucivid and camera
tracings were found. Camera tracings showed a greater number of
spines despite no significant difference in dendritic length. We also
report that camera tracings took slightly longer to complete than
did Lucivid tracings. Several operational and ergonomic differences
between the two hardware setups may have contributed to the
current findings.

In terms of overall magnification, the camera’s exceeded that
of the Lucivid, resulting in a 39% smaller field of view with the
camera. Greater magnification aided in spine detection, presum-
ably resulting in the significant differences reported above. Using
the camera, tracers were able to identify spine elements that were
not detected with the Lucivid system under the same level of
magnification. Moreover, the higher magnification on the camera
facilitated assigning the thickness of a dendritic branch, a detail
that should be particularly relevant to investigators who are inter-
ested in volume measurements. A tradeoff exists, however, insofar
as the camera’s small field of view lessens a tracer’s ability to deter-
mine the directionality of dendrites, which may require frequent,
time-consuming referrals to the microscope to ensure the accuracy
of the trace. This may explain the documented time differences in
the present study. Given the relative tradeoff between magnifica-
tion and field of view size, some laboratories may find a 60–63×
oil-immersion objective to be an acceptable middle ground.

As with magnification, differences in background illumination
between the Lucivid and the camera may have contributed to the
observed variation in spines. When tracing with the Lucivid, the
microscope illumination must be kept relatively low to allow one
to see the phosphor Lucivid overlay. As a result, small or weakly-

stained spines may be easier to identify when using the more
brightly-lit camera image. Indeed, the camera setup functions well
with greater levels of illumination. The added brightness serves
to enhance the contrast between the impregnated Golgi-stained
elements and the yellow background, although increased illumi-
nation may enhance the fading of Golgi-stained tissue (Overdijk
et al., 1978). The amount of brightness for camera images can be
controlled by increasing the microscope illumination and/or by
adjusting the camera’s exposure settings (note: exposure settings
of between 75 ms and 100 ms were optimal for the present study).
There is a tradeoff, however, insofar as longer exposure times per-
mit a brighter background image when substage illumination of the
microscope is kept constant, but can cause a slight lag in focusing.

Given that the z-plane lacks the resolution of the ‘xy’ planes
(Ascoli et al., 2001), it becomes necessary to maximize the resolu-
tion provided by the hardware settings. For example, our joystick
has a focus rate control switch for high, medium and low speed
depth of vision (or field) focusing. When tracing through the
Lucivid, one may use the stepping motor’s fastest setting because
there is no blurring of the microscope image. However, when
tracing through the camera, precise focusing is more difficult.
The medium setting provided the smoothest and most controlled
changes with the camera setup. As shown in Fig. 4, the cam-
era setup occasionally produced traces with increased fluctuations
in depth of vision, reflecting inaccuracies of possible under- and
over-focusing. Inter-individual variation in depth of vision is well
documented (Uylings et al., 1986b; Guillery, 2002). In the present
study, we note that more pronounced focusing variations were pro-
duced by the less experienced tracers. If focusing in the z-plane
is erratic, the experimental measures may be altered, particularly
with regards to dendritic length (compare Fig. 4C with A). Although
our overall results indicated no significant differences in TDL with
all three tracers combined, the novice and intermediate tracers both
exhibited a greater TDL for camera traces than for Lucivid traces
(by an average of 4.5%). Conversely, the expert tracer, with many
years of microscope experience, reported a slightly greater TDL (by
2%) when using the Lucivid. It appears that the less experienced
tracers inadvertently increased their TDL by hyper-focusing in the
z-plane, as noted in Fig. 4. Thus, the level of tracing experience for
the morphologist, which is seldom if ever reported in the literature,
is another relevant factor when interpreting quantitative results.

In general, the camera setup provided a different tracing expe-
rience than did the Lucivid. For example, on the Lucivid, the
Neurolucida software’s tool bars (which are projected onto the
microscope image via the CRT) are poorly resolved, resulting in
icons and menus that are somewhat difficult to distinguish. Thus,
the investigator is often forced to look up from the oculars to the
computer monitor and back again when selecting a new function.
When using the camera, however, the toolbars are clearly displayed
on the monitor and tracing is not interrupted. On the whole, tracing
with the camera is less ergonomically strenuous than tracing with
the Lucivid (Paldino, 1979). Those with little microscope experience
may be especially sensitive to the eye-strain afforded by tracing
with the Lucivid and consequently may prefer the camera system.
The opposite may hold true for those who are more accustomed to
microscopy. Also, because the camera image is displayed on a mon-
itor, one may observe another investigator as s/he traces, which
facilitates the training process, and may help increase reliability
among tracers.

In terms of which system is more accurate, our results only
provide the basis for conjecture. We may reasonably assume that
the ‘extra’ spines found in camera tracings represent spines that
were “missed” in Lucivid tracings. The same obtains for 100×
spine estimates over 40× spine estimates. Although one could
quantify spines by examining dendritic segments at 100× mag-
nification, this is not always a practical option for Golgi-stained
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Fig. 4. Sample tracings of the same cell as completed by the novice tracer (E.Y.) on the Lucivid (A) and the camera (C) with inset of dependent measures. Images (A) and
(C) appear nearly identical, with virtually no differences in branch placement, number, and order. As expected from the present results, the camera tracing exhibits greater
spine density/number than does the Lucivid tracing. However, this particular tracing also illustrates a relatively large difference in dendritic length, with the camera tracing
TDL and MSL being larger than the Lucivid tracing. The reason for these length differences becomes clear when examining the z-plane of the cell traced with the Lucivid (B)
and the camera (D). The dendritic profile in image (D) appears more jagged and erratic than in image (B), suggesting more inaccurate z-plane focusing for the inexperienced
morphologist. Scale bars represent 50 �m.

tissue sectioned at 120 �m (thicker sections, when appropriate,
are advisable because they encompass more of the neuronal struc-
tures within one physical section). Unfortunately, there is a tradeoff
between higher magnifications, which provide higher resolutions
but a shorter working distance, and lower magnifications, which
provide lower resolution but a longer working distance. High-
powered objectives that offer an extra-long working distance do
exist, although they tend to be more expensive. It should be noted,
however, that the objective employed may depend on the goal of
the study: higher power objectives might be better if the emphasis
is on estimating spine numbers in a limited sample; lower power
objectives might be adequate, and more efficient, if estimating den-
dritic extent across a large number of neurons. Here, too, a 60–63×
oil-immersion objective might be an acceptable option for spine
tracings across the entire dendritic array.

Finally, given that there is no absolute or uniform standard in
tracing equipment, a critical issue for neuromorphological research
is accurate methodological reporting of hardware setups. As previ-
ously mentioned, most neuromorphological papers—including our
own—do not provide a detailed account of their equipment and
refer simply to the generalized Neurolucida system. Numerous

microscope-related factors are well documented (e.g., the influ-
ence of Snell’s law on dry lens z-axis measurements, Glaser, 1982;
dry versus oil-immersion objectives, Uylings et al., 1986a; step-
ping motor calibration, Guillery, 2002), and also require detailed
reporting. Specifically, with regards to quantification of spines, it
is important to communicate the NA of the objective lens as it
may affect not only the resolving power of the microscope, but
also the depth of vision. Both of these can influence the number of
spines counted. For example, a 40× objective with a 0.65NA will be
able to resolve to 0.42 �m whereas one with a 0.95NA will be able
to resolve to 0.29 �m and will also have a larger depth of vision,
allowing more unambiguous identification of spines.

We are certainly not the first to stress the importance of
detailed methodological reporting (Guillery, 2002). Reporting fail-
ures increase the heterogeneity of published data (Ascoli, 2006)
and complicate accurate interpretations of results. For instance,
our previous morphological studies, which were completed on the
Lucivid, may have underestimated spine counts. Specifically, we
reported an average of 1342 spines/cell in the secondary insular
gyrus brevis (Anderson et al., 2009). Recalculating this average
by the 17% difference obtained in the present study to simu-
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late a camera tracing at 40× results in 1570 spines/cell. Thus,
equipment-dependent results are not trivial, especially in the face
of widespread data sharing (e.g., www.NeuroMorpho.Org; Brown
et al., 2008). As bioinformatics gains popularity among neuro-
scientists, accurate secondary discoveries, particularly those that
make computationally-derived hypotheses based on certain mor-
phological parameters (Wilt et al., 2009), will require careful
methodological reporting, including the relative experience lev-
els of the morphologists quantifying the cells, and levels of intra-
and intra-rater reliability for these morphologists (Jacobs et al.,
2001). Doing so will lighten the task of accurately determining the
applicability of shared data (Ascoli, 2007). At a minimum, neu-
romorphological studies should specify the details (e.g., Lucivid
versus camera, NA of the objective) of the tracing system utilized.
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