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Abstract: Objective: Manual counting and measuring of axon counts, axon calibers, and g-ratios are time consuming 
and can be biased by observer variation. Methods: This study introduces a quick, reproducible, and semi-automatic 
method for screening eligible graphs from the mass image using Image Pro Plus software, objectively defining the 
image to be analyzed and further clarifying the research object by manual assistance while excluding images that 
do not meet standards. This method was compared with the manual method using toluidine blue samples of nerve 
transections. Results: There were no significant differences for axon counts, axon calibers, or axon g-ratios between 
semi-automatic and manual methods. Pearson’s correlation coefficient for axon calibers or axon g-ratios, from 
both methods, showed no statistically significant differences. Bland-Altman image analysis showed similar results 
for axon counts obtained by two methods. The time taken by semi-automatic analysis was less than that taken by 
manual identification. Conclusion: In conclusion, this semi-automatic method is accurate and rapid compared to 
the traditional manual method.
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Introduction

Several established routine parameters, such 
as axon counts, axon calibers, and g-ratios, 
have been reliable indices for assessing axonal 
myelination [1, 2]. Myelination is produced by 
the myelin sheath which has an essential 
impact on structure, function, and physiology, 
as well as on the surrounding matrix. Thus, to 
appropriately evaluate, routine parameters of 
axon regeneration are utilized to describe the 
relationship between biophysical properties of 
axonal structure and function with remyelin-
ation in the process of nerve regeneration 
[3-5].

Measurement of parameters in axon regenera-
tion of peripheral nerves in rats can be evalu-

ated by manual, automatic, and semi-automat-
ic methods. Until now, the dominant method 
has been the manual one [6]. There are previ-
ously established and fixed protocols [7, 8]. 
However, the manual morphometric analysis  
of an entire peripheral nerve (700-800 myelin-
ated fibers) requires an entire day’s work [9]. 
Manual measurements have usually been des- 
cribed as tedious, time consuming, difficult to 
perfectly handle, and subject to many sources 
of errors when many nerve histology parame-
ters were to be measured. Automatic methods, 
having the advantage of being fast, efficient, 
and relatively affordable, have been suggested 
to analyze data [10, 11]. However, automatic 
techniques have shown some errors due to the 
software’s inability to separate clustered fibers 
in a perfect fashion, eventually producing chro-
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matic aberrations in images [12-14]. This is 
because of the threshold factor which leads to 
mismatch. Artefactual images, like blood ves-
sels and perineurial fragments, will also lead to 
errors. Observer bias and pix of images are also 
interference factors for automatic methods [9, 
15]. To compensate for possible errors in mea-
surements, manual intervention is sometimes 
necessary. Therefore, the combination of man-
ual and automatic methods, meaning semi-
automatic analysis, is now one of the most 
common approaches for peripheral nerve mor-
phometry. With the aid of semi-automatic axon 
analysis system, data collection and analysis 
have improved in efficiency along with main-
taining a high level of accuracy.

This present study describes an efficient, effec-
tive, and translatable semi-automatic method 
of peripheral nerve morphometry. Axon counts, 
axon calibers, and g-ratios from rat sciatic 
nerves were determined, using semi-automatic 
and the manual method. Statistical compari-
son of values from both methods revealed sig-
nificantly similar results, while the resources 
(time, work load) required for the semi-auto-
matic method were significantly less.

Materials and methods

Experimental design

This study used 34 three-month-old female 
Sprague-Dawley rats, weighing 300 g to 320 g. 
All procedures were approved by the Care and 
Use of Laboratory Animals Institute of Shang- 
hai, China. Experiments were carried out with 
approval from the Animal Experimentation Ethi- 
cs Committee of School of Medicine, Shanghai 

Jiao Tong University, Shanghai, China. All ani-
mals were raised in a carefully regulated envi-
ronment maintained at 21-25 degree Celsius, 
40-70% relative humidity, and 12/12 hour 
light/dark cycle. They received tap water and 
normal rat chow ad libitum. The rodents under-
went exposure and transection of the sciatic 
nerve at mid-thigh. The contralateral side was 
used as the control side, without any treat-
ments. Wounds were closed by 4-0 nylon 
sutures. Animals were then euthanized by intra-
peritoneal administration of 0.4% sodium pen-
tobarbital at 100 mg/kg body weight at the end 
of the study.

Histologic samples

Both sides of the rats underwent the following 
testing procedures: approximately 0.5 cm of 
site of injury was removed and fixed overnight 
in 4% paraformaldehyde/(2.5% glutaraldehyde) 
solution. Nerves were cut transversally with 0.5 
µm, stained in 1% sodium borate with 0.1% 
toluidine blue, 0.1% azure II, and 0.1% methy-
lene blue solution and observed under a li- 
ght microscope (× 40) (LEICA DM6000B, Lecia 
Microsystems, Germany).

Manual measurement of axon parameters

One photomicrograph of the whole nerve trans-
verse section was obtained with 40 × magnifi-
cation, having 4080 pixels × 3072 pixels (1 
pixel = 0.0539 µm), and magnified to 160 ×, 
using Image-Pro Software.

Axon photomicrographs were manually per-
formed with the aid of IS Image-pro version 4.5, 
consisting of an active area of 220 µm × 165 
µm. Experimental and control group slides da- 
ta, on the same rodent, were analyzed. Each 
group had 17 animals and 1 slide/animal used 
for data analysis. Ten 40 × fields from each 
slide were used for counting. On photomicro-
graphs, outer and inner diameters of each axon 
were manually traced. The times taken to mea-
sure parameters of total axons on one photomi-
crograph were counted.

Using the manual method, axon calibers and 
fiber diameters were measured with the aid of 
Image Pro analyzer software. For each field, 
analysis was carried out with the following 
steps: (a) Made a layered image with an appro-
priate threshold factor (1.00±0.30) depending 

Figure 1. Manual axon g-ratio measurement. Axon 
caliber and fibers outer diameter can be measured 
by using Image Pro analyzer software. 160 ×.
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on the total fibers on the photomicrograph [16]; 
(b) Made the raw profile and intermediate pro-
file; (c) Kept the original image mask; (d) Split or 
merged the fibers when two fibers were in close 
contact with each other or supposed to look 
like the single axon; (e) Deleted artifactual ob- 
jects such as blood vessels and perineurium 
fragments; (f) Selected eligible objects and cre-
ated a line to mark the lengths of axon caliber 
and fiber diameter; and (g) Exported data to 
Excel sheets (Figures 1 and 2).

Each axon digitizes 8 arrows. Four light arrows 
represented the minimum and maximum axon 
caliber while the other 4 dark arrows indicated 
outer diameter.

For measurement of g-ratios using manual 
method (Figures 3 and 4), the following formula 
was utilized [17]:

Axon Caliber: Xaverage = (X + X’)/2;

Fibers Diameter: Yaverage = (Y + Y’)/2;

G-Ratio = Xaverage/Yaverage

Semi-automatic analysis of axon counts, axon 
calibers, and g-ratios

For semi-automatic analysis of the three param-
eters, mentioned above, the same procedure 
was performed to obtain photomicrographs. 
Axon areas and fiber areas of each axon were 
semi-automatically traced using Image Pro ana-
lyzer software. Software was utilized for the 
procedures from (a) to (e), mentioned above, in 
the process of manual measurements (Figure 
2). Afterward, areas (the myelin sheath area), 
diameters (mean of fibers outer diameter), and 
hole areas were automatically measured (Fig- 
ures 4 and 5).

Semi-automatic programs on axon photomicro-
graph analysis proven with calculus

For measuring axon parameters in the semi-
automatic method, the following formula was 
used:

Axon Caliber = Diameter * G-Ratio

G-Ratio = SQRT (Hole Area/The Area + Hole 
Area). (SQRT: Square Root.)

To prove that the above formulas were avail-
able, methodological explanations are given in 
the following three sections:

Figure 2. Axon caliber and fibers outer diameter of each axon was semi-automatically traced by using Image Pro 
analyzer software. Two closely aligned fibers were allowed manually splitting. A: Control Group; B: Experimental 
Group; 40 ×.

Figure 3. Axon g-ratio analysis model. X: The mini-
mum axon caliber; X’: The maximum axon caliber; 
Y: The minimum fibers outer diameter; Y’: The maxi-
mum fibers outer diameter.
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Homothetic center of two irregular circles fig-
ures-based morphometry: One axon photomi-
crograph was magnified to 640 × under Image 
Pro software. There were two geometric figures, 
internal and external, in each axon. The internal 
or external irregular circle figures respectively 
digitized 3 points by clockwise with 120°±10° 
on behalf of the three angles. The internal circle 
figure randomly digitized 3 points (a’, b’, c’); the 
external circle figure respectively digitized the 
corresponding 3 points (a, b, c), which were 
homologous points. The lines aa’, bb’, and cc’ 
drew through two endpoints, which is the homo-
thetic center of those two irregular figures, 
showing as appoint O (Figure 6). Next, to calcu-
late the percentage of these three lines (aa’, 
bb’, and cc’), drawing was performed through 
the same endpoint, the homothetic center of 
these two irregular circles figures.

Homothetic similarity between internal and 
external photomicrographs of each axon: In 
geometry, the center of similarity is a point  
from which two geometrically similar figures are 
seen as a dilation or contraction of one another 
[18, 19]. The two figures are directly similar or 
scaled mirror images of one another. There was 
one homothetic center in the control and ex- 
perimental groups with 92.35% and 82.67%, 
respectively, in internal and external photomi-
crographs of each axon. Consequently, more 
than 80% of axons having internal and external 
irregular circles photomicrographs with one 
homothetic center also had homothetic mor-
phometry (Figure 6, Table 1).

ment AB to be φ2(θ), where α ≤ θ ≤ β. Thus, the 
area of IC can be computed by double integra-
tion in polar coordinate as follows:
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In the previous section, the homothetic similar-
ity between the internal and external photomi-
crographs of axons was proven, as well as in 
the case for most axons possessing one homo-
thetic center. This study chose one irregular 
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Figure 4. Flow chart of manual and semi-
automatic methods.

Semi-automatic axon g-ra- 
tio analysis based on calcu-
lus: Given an irregular circle 
(IC), tangent lines at A and 
B were added, respectively. 
The two lines intersected at 
the origin in polar coordi-
nate, denoted by O in Fig- 
ure 7. Mean diameter of IC 
is denoted by 2r. In the 
polar coordinate, they de- 
noted α and β to be the 
angle of line OA and line 
OB, respectively. This study 
further denoted the curve 
of the arc AB that was 
below the line segment AB 
to be φ1(θ), and the arc AB 
that was above the line seg-
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Finally,

p = S( ) /S ( )internal external  = r/r’ = Axon cali-
ber/Fibers outer diameter = Xaverage/Yaverage

This has proven the measurement of g-ratios 
using the formula as SQRT (Hole area/The Area 
+ Hole area).

The same field obtained for manual measure-
ment and semi-automatic analysis

All measurements were made by a single 
skilled observer blinded to photomicrograph-
ing. Parameters from the photomicrographs 
were taken and analyzed by the same observer 

for both methods (Figure 9). Procedures of the 
manual method and semi-automatic analysis 
were respectively followed, as mentioned previ-
ously. Values on the same field, obtained from 
two methods, were compared and analyzed.

Statistical analyses

Paired t-tests with a significance level of P<0.05 
were used for statistical analysis of differences 
between the following groups: 1) Mean dura-
tion for performing both methods (manual and 
semi-automatic methods) and 2) Axon caliber 
and g-ratio values on the same photomicro-
graph obtained using both methods. Axon 
count values on the same photomicrographs 

Figure 5. Area (the myelin sheath area), diameter (mean of fibers outer diameter), and hole area on one photomi-
crograph were automatically measured. A1 and A2: Control Group; B1 and B2: Experimental Group; Arrow: Split of 
fibers when two fibers were in close contact with each other. 80 ×.
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were obtained using both methods. Data was 
compared by unpaired t-test. Statistical analy-
sis of differences between the two methods 
was done with the Bland-Altman method and 
Pearson’s correlation was used to assess the 
relationship between the two methods [21-23]. 
Bland has suggested that a sample of 100 
measurements was adequate, in most cases. 
Sample size for this present study exceeded 
this number [24]. Continuous data are present-
ed as mean ± SD. All calculations were done 
using Prism software (Graph Pad Inc., La Jolla, 
CA).

Results

Comparison of axon count, axon caliber, and 
g-ratio analysis in the same field between 
manual and semi-automatic methods

A total of 17 rats from 170 fields were included 
in the analysis. Table 2 and Figure 10 show the 

results of three parameter values obtained 
from manual and semi-automatic methods. 
The assumption for comparison was fulfilled: 
differences (semi-automatic-manual counting) 
against the averages (semi-automatic + manu-
al)/2 (Figure 10A1-C2). Bland-Altman image 
analysis showed that axon counts obtained 
using the semi-automatic method were quite 
similar to that obtained using manual counting. 
Variances of axon caliber and g-ratio values cal-
culated with both methods were statistically 
equal.

Table 1. Two geometric figures possess a 
homothetic center (%)

Group  
(n = 170 fields)

One  
homothetic 
center/field

More than one 
homothetic  
center/field

Control group 92.35% 7.65%
Experimental group 82.67% 17.33%

Figure 7. Irregular circle in polar coordinate. The 
point O, the origin of coordinates, is an intersection 
for the two tangents OA and OB. The angles of lines 
OA and OB are denoted by α and β. Denoting the 
mean of diameter irregular circle by 2r.

Figure 6. Homothetic similarity between internal and external photomicrographs of each axon The internal circle 
figure random digitizes 3 points (a’, b’, c’) with 120°±10°; the external circle figure respectively digitizes corre-
sponding 3 points (a, b, c). The line aa’, bb’ and cc’ draw through an endpoint which is homothetic center of those 
two irregular figures and showed as a point O. A1 and A2: Control Group; B1 and B2: Experimental Group; A1 and 
B1: 160 ×; A2 and B2: 640 ×.
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Pearson’s correlation coefficient for axon cali-
bers in the control and experimental groups 
was 0.8934 (P<0.001) and 0.6971 (P<0.001), 
separately for manual and semi-automatic me- 
thods. For axon g-ratio, it was 0.8765 (P<0.001) 
and 0.9824 (P<0.001) between the two meth-
ods (Table 3). These results suggest that the 
semi-automatic method is just as accurate as 
the manual method.

Time taken to perform on the same field for 
manual analysis and semi-automatic analysis

Average time spent on calculating fiber outer 
diameters and axon calibers are shown in Table 
4 and Figure 11. Manual axon measurements 
took more than 2 hours to harvest the values. 
In the same field, with semi-automatic mea-
surements, values were acquired and their 
analysis required about 1 hour. There was a sig-
nificance difference (P<0.001) between mean 
time of durations between manual and semi-
automatic measurements.

Discussion

This present study aimed to demonstrate that 
the semi-automatic method of axon measure-
ment is more effective, efficient, accurate, and 
easier to perform than the manual approach. 
This study deducted and presented the formula 
implemented into the semi-automatic method. 
To reliably compare results of axon measure-
ments, including their accuracy and time need-

ed to get and to analyze them, this study con-
ducted axon measurements both semi-auto-
matically and manually, using the same sample 
slides, with a statistically representative num-
ber of 50. Manual in-depth analysis of such a 
large number of slides is extremely time con-
suming and exhausting, with vulnerability to 
human mistakes (e.g. right sequence of mea-
surement, correct match between the inner 
and outer diameter). Mistakes during the pro-
cess might lead to time-consuming corrections 
or a need to redo the entire process.

Other reports of semi-automatic analysis sys-
tems have shown that focusing on only one 
shape and size in the analysis of myelin during 
nerve regeneration can be time-saving [11]. 
This method was applicable to morphologically 
normal and apparently axonal shape and size 
homogeneity nerves. Some judgments and dif-
ferentiation can’t be done by a completely auto-
mated system, such as evaluating the parame-
ters of nerves with irregular shapes or more 
complex patterns of regeneration on current 
sources. It should be realized that fully auto-
mated tools would be almost impossible with 
our existing technology. This present semi-
automatic method is more resistant to these 
types of errors, as it is based not only on manu-
ally assisted precise recognition of target ob- 
jects, but also on automatic measurements  
of the corresponding area. Therefore, the semi-
automatic method compensates for shortcom-

Figure 8. Internal and external photomicrographs in polar coordinate. The internal and external photomicrographs 
of one axon were separated to two irregular circles which has a homothetic center O. The points A and A’ are ho-
mologous, as are the point band B’. The mean diameter of the circles was showed as 2r and 2r’ respectively. The 
area of internal figure (Hole Area) and external figure (The Area + Hole Area) were represented as S(internal) and 
S(external) respectively.
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ings in software analysis and improves the effi-
ciency and accuracy of analyzing sections with 

damaged and more complex patterns of regen-
erative nerves.

Figure 9. Using manual and semi-automatic methods to calculate g-ratios on the same Photomicrograph. A1 and 
A2: Control groups; B1 and B2: Experimental groups. A1 and B1: red arrow shows NO.78 axon and NO.800 axon, 
respectively; Upper of A2 and B2: Axon inner caliber and outer diameter from manual method. The length of L1-L4 
is attributed to NO.78 axon and L55-L58 belongs to NO.95 axon, respectively. Below of A2 and B2: The Area, diam-
eter and Hole Area on one photomicrograph were automatically measured from semi-automatic methods. 320 ×.

Table 2. Axon count, axon caliber, and g-ratio values obtained with manual and semi-automatic meth-
ods (mean ± SD)

Groups
Axon counts Axon caliber (µm) (170 fields) Axon g-ratio (170 fields)

Semi-automatic Manual Semi-automatic Manual Semi-automatic Manual
Control group 368.6±106.4 (n = 17) 399.2±77.18 (n = 17) 5.504±1.745 5.634±2.148 0.5695±0.066 0.5685±0.054

Experimental group 287.1±7 8.32 (n = 34) 314.3±49.92 (n = 34) 3.448±1.379 3.319±1.356 0.6672±0.076 0.6659±0.079
Note: There were no significant differences between results of axon counts, axon caliber, and axon g-ratio obtained using manual and semi-automatic methods by the 
unpaired t-test (for axon counts) or paired t-test (for axon caliber and axon g-ratio).
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Importantly, the results of axon counts, vari-
ance of axon calibers, and g-ratio values were 
statistically equal using semi-automatic and 
manual method (Bland-Altman method and the 

Pearson’s correlation analysis). Time needed to 
obtain results with the semi-automatic method 
was less than half that of the manual method. 
Thus, this study proposed the semi-automatic 

Figure 10. Bland-Altman plots of axon parameters between manual and semi-automatic methods. Bland-Altman 
plots of Axon Counts between the manual and semi-automatic methods (A1, A2); Bland-Altman plots of Axon Caliber 
between the manual and semi-automatic methods (B1, B2); Bland-Altman plots of G-Ratio value between the manu-
al and semi-automatic methods (C1, C2); The difference (e.g., Axon Counts by semi-automatic Method-Axon Counts 
by manual method) was plotted against the average of both assessments (e.g. (Axon Counts by semi-automatic 
method + Axon Counts by manual method)/2). Solid reference lines represent the mean difference; the dotted lines 
indicate ±2 SD about the mean.
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method which allows obtaining measurements 
in 50% of the time needed for manual mea- 
suring.

One limitation of this study was the fact that 
there was more than one homothetic center in 
control and experimental groups, with 7.65% 
and 17.33%, respectively. The myelinated fiber 
profile was not always represented as homoge-
nous. The reason might be that the smaller axo-
nal fibers, hard to stain or strongly heteroge-
neous, were considered difficult to mark by 3 
points. In the experimental group, regenerated 
axons might be of a grotesque shape rather 

cally significant difference, compared to that 
obtained from manual methods. Since it has 
also been proven that in homothetic irregular 
circles SQRT (S(internal)/S(external)) is equal to 
axon caliber/fibers outer diameter, which is the 
g-ratio of an axon (2)-(4), the formula “SQRT 
(Hole Area/The Area + Hole Area)” can yet be 
regarded as another way to figure out axon 
g-ratio in peripheral nerves.

Average analysis g-ratio time using the semi-
automatic method for sciatic nerve transec-
tions, containing about 400-700 fibers in one 
field (40X), was comparable to that of another 
semi-automatic technique [9]. Moreover, it was 
found that with the semi-automatic method, 
many fibers can be rapidly counted after auto-
matic segmentation. Adjustment of threshold  
is rarely necessary if nerve sections are of  
good quality. Hence, the semi-automatic meth-
od demonstrated improved efficiency, as much 
as possible, while maintaining a similar level  
of accuracy, providing extremely productive 
results.

In conclusion, this study introduced a highly 
efficient semi-automatic method for measuring 
axon counts, axon calibers, and g-ratios.
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