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ABSTRACT 

Histochemical studies of striated muscles are the most widely used tool for examining their functional 
properties. The fibres that make up these muscles can be identified by revealing the enzymes involved in 
contraction, which makes it possible to determine whether they perform resistance (aerobic) or strength 
(anaerobic) functions. These functions are analysed by comparing the physiological cross-sectional areas 
of the muscles, regardless of the number of fibres that constitute them or their individual diameters. Areas 
are measured using an estimated stereological point counting technique in which points are associated with 
surfaces. This work proposes an automatic, computerised measurement method using the histomorphomet-
ric programme Metamorph and compares the results obtained through both methods. 

Keywords: histomorphometry, Metamorph, muscle histochemistry, statistics, stereology.

INTRODUCTION  
The types of microscopic muscle fibres that make 

up the striated skeletal muscles of vertebrate animals dif-
fer in proportion depending on multiple factors. These 
types are determined by the neurons that innervate the 
fibres during their development and are maintained and 
modified by the activity they perform. In terms of diam-
eter and metabolism, the morphofunctional characteris-
tics of muscle fibres have traditionally been studied and 
classified based on measurements of their physiological 
cross-sectional area (PCSA). They have also been clas-
sified according to staining results obtained through his-
tochemical methods that reveal enzymes such as myofi-
brillar adenosine triphosphatase (ATPase) and succinate 
dehydrogenase (SDH) among the most frequently en-
countered. PCSA refers to the cross-sectional area occu-
pied solely by muscle fibres, without considering con-
nective tissue or vascularisation. In contrast, the cross-
sectional area of a muscle estimates its overall size at a 
given point and does not accurately reflect the strength 
capacity of the muscle. Nowadays, tests that provide 
greater precision in determining fibre type use specific 
antibodies against different types of myosin molecules; 

however, they continue to rely on fibre contraction 
speed and fatigue resistance as firm criteria. The nomen-
clature for the various fibre types has evolved according 
to study methodologies and research findings. 

In the 1980s, numerous studies examined the com-
position of limb muscle fibre types in various animal 
species and in humans. Armstrong and Phelps (1984) 
described the fibrillar composition of the hindlimb mus-
cles of the rat, using histochemical methods on Sprague–
Dawley rats encompassing 98% of the total muscle mass 
of the rat. They reported 76% fast-twitch glycolytic (FG) 
fibres, 19% fast-twitch oxidative glycolytic (FOG) fi-
bres, and 5% slow-twitch oxidative (SO) fibres. 

In a review, Appell (1988) analysed the possibility 
of transforming muscle fibres through special training 
programmes and the significance of muscle biopsies for 
recognising talent in athletes. The author concluded that 
the results had been overestimated and were therefore 
not very significant. Extrapolating the results of studies 
conducted in other animal species remains a more relia-
ble and ethical approach. 

One of the classifications, based on experiments 
in rats, made it possible to categorise fibres into type 
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I (slow oxidative), IIA (fast oxidative), IIB (fast gly-
colytic) and IIX (glycolytic) by studying the tibialis 
anterior (TA), extensor digitorum longus (EDL) and 
soleus (SOL) muscles using the ATPase technique 
with incubation at pH 7.35. The study concluded that 
the growth process influenced the distribution, pro-
portion, and characteristics of muscle fibre types, and 
that no IIB fibres were found in the soleus muscle 
(Konishi et al., 2000). 

Studies have also been conducted in rats to deter-
mine whether differences exist based on age, sex, and 
muscle type. Fox et al. (2003) found differences in the 
size of the physiological cross-sectional area of type I, 
IIA, and IIB fibres. These differences were observed in 
sex and age and were present in both muscles studied 
(Fox et al., 2003). 

Karen et al. (2009) stated that manual identification 
of muscle fibres in successive serial sections was tedious 
and time-consuming. In their publication, the authors 
implemented software to classify and analyse muscle fi-
bre types, thereby avoiding laborious, time-consuming 
procedures. The authors employed two software pro-
grammes (MusRegM and FicClasM) and used human 
muscle samples (biceps femoris, vastus lateralis and 
masseter) collected from biopsies and autopsies. Addi-
tional samples were obtained from the following rat 
muscles: extensor digitorum longus, tibialis anterior and 
gastrocnemius. All samples were frozen in liquid nitro-
gen and cut serially into 10 µm-thick cross-sections. The 
expression of myosin heavy chain (MyHC) isoforms and 
key enzymes involved in the energy supply used in their 
metabolism was studied. To detect MyHC isoforms, im-
munohistochemistry was performed using antibodies 
against myosin heavy chains, including BA-D5 (MyHC-
1) and SC-71 (MyHC-2a in rats and MyHC-2a and 2x in 
humans). The histochemical techniques applied to en-
zymes were NADH-tetrazolium reductase (NADH-de-
hydrogenase), succinate dehydrogenase (SDH), and 
glycerol-3-phosphate dehydrogenase (α-GPDH). Other 
cryostat sections were processed for in situ hybridisation 
using specific probes to detect myosin heavy chain 
(MyHC) transcripts (mRNAs). By using both software 
programmes and combining classification based on 
MyHC isoform expression with the activity of energy-
producing metabolic enzymes, it was possible to identify 
oxidative, glycolytic, and oxidative-glycolytic fibres. 
The authors also conducted semi-quantitative studies of 
fibre number and proportion. 

An innovative technique proposed by Sawano et al. 
(2016) involved the simultaneous use of quadruple im-
munostaining with antibodies specific for myosin heavy 
chains (MyHC1, 2A, 2X and 2B) in rats, conjugated to 

fluorochromes with different excitation and emission 
wavelengths. 

Similar immunohistochemical studies conducted by 
Bergmeister et al. (2017) proposed a simple, fast, auto-
mated study protocol using ImageJ, which allowed 
quantification of the number of fibres via quadruple im-
munostaining and statistical comparison of the results 
with manual findings obtained on biceps and lumbrical 
muscles of rats. 

In an immunohistochemical study conducted on 
hindlimb muscles of kangaroo rats, Ross and Meyers 
(2021) found a marked predominance of type IIB fibres 
and a moderate number of type IIA and IIX fibres in all 
muscles except the soleus. 

A method used in our laboratory for measuring sur-
faces in histological sections is based on the programme 
Metamorph (Guadilla et al., 2022). The aim of this work 
was to use this programme to determine the physiologi-
cal cross-sectional area occupied by each fibre type in 
the soleus and tibialis anterior muscle sections of Wistar 
albino rats, using different histochemical techniques for 
ATPase and SDH. This method is therefore proposed for 
assessing possible changes in the proportions and per-
centages of muscle fibres produced by physical exercise. 

MATERIALS AND METHODS  
To conduct our study, we used a collection of mi-

croscope slides generated during the development of an 
experimental project entitled Muscular changes due to 
jumping, which was submitted to the competition of the 
Regional Ministry of Culture and Tourism of Castile 
and Leon (project number 10.04-542A03.78040.0). 
This project was selected through a competitive process 
and involved the Department of Human Anatomy and 
Histology of the Faculty of Medicine of the University 
of Salamanca during 2005–2006. The slides selected for 
this study were those processed with material obtained 
from 6 Wistar albino rats used as controls. 

Histochemical methods 
Each muscle fragment was identified by an alpha-

numeric code consisting of the muscle of origin (S for 
soleus and T for tibialis anterior) and the laterality of the 
limb (L for the left side and R for the right).  

The histochemical techniques used were the follow-
ing: ATPase with preincubation at pH 4.9, SDH (suc-
cinic dehydrogenase), and ATPase at pH 10.2. For accu-
rate identification of each fragment and the histochemi-
cal technique applied, three letters were used: the first 
capital letter refers to the muscle (‘S’ for soleus and ‘T’ 
for tibialis anterior), the second capital letter denotes 
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laterality (‘L’ for left limb and ‘R’ for right limb) and 
the third lower-case letter identifies the technique (‘a’ 
for acid ATPase, ‘b’ for basic ATPase and ‘s’ for SDH). 

The histochemical studies were carried out using the 
technique described by Rivero et al. (1996), based on re-
search by Brooke and Kaiser (1970), Schiaffino et al. 
(1989), Gorza (1990) and Santána Pereira et al. (1995). 

Immunohistochemical techniques allow for more 
precise muscle fibre typing than histochemical or elec-
trophoresis techniques, especially in the case of fast fi-
bres (Rivero et al., 1996). However, in this work we 
aimed to study the relative percentage distribution of the 
areas corresponding to each type of fibre, grouping the 
categories into the four types proposed according to 
staining intensity. 

Sample selection and analysis 
We used a Nikon Coolpix 990 digital camera at-

tached to a Nikon Eclipse 90i microscope with a 4x ob-
jective to photograph the most appropriate section on 
each microscope slide, based on the criteria of transver-
sality and number of fibres. These microphotographs 
were evaluated to provide a general microscopic de-
scription of the most relevant data using Adobe Pho-
toshop 5.5. A grid formed by parallel and perpendicular 
lines was designed with the computer, defining 17x9 
(153) intersection points and delimiting squares. Each 
intersection point was associated with a point and the 
area of each square corresponded to the squared length 
of its side, regardless of the distance between vertices. 
Since our work is based on percentage points, it was not 
necessary to define the exact length of the side of the 
square, which was adapted to allow accurate visual 
recognition of microscopic images. To determine the re-
spective percentages of each type of fibre for each his-
tochemical technique and each staining intensity grade, 
the observer used the following formula: the number of 
points (N) was divided by 153 and the result was multi-
plied by 100. This percentage was calculated for each 
image examined in order to compare the results with 
those obtained using the Metamorph software, following 
similar identification criteria. We superimposed the 
17x9 grid on each photograph to count the intersection 
points over each type of fibre, following stereological 
criteria. For each photograph, three counts were per-
formed, selecting the areas of the photograph on which 
the grid was placed in a systematic random fashion. Sub-
sequently, the arithmetic mean of the three determina-
tions was calculated. As an exclusion criterion, only 
those points included in a fibre of a specific type that 
extended into the upper right quadrant were counted. 

In all cases of random sampling, a table of random 
numbers was used. 

The images were digitised using the Metamorph 
Meta Imaging Series 6.1 programme, which facilitates 
histomorphometric analysis. Variables such as surfaces 
and perimeters could be measured by quantifying colour 
differences in the different areas of interest. In this work, 
only the total surface areas were measured in each case 
by selecting fibres with similar colour intensity. 

In addition, a complete image of the histological 
section was obtained using a Zeiss Stemi 2000-C loupe 
equipped with a Zeiss KL1500 electronic light source 
attached to a Nikon Digital DXm 1200 camera. 

The methodology employed in this study, involv-
ing stereological criteria, was based primarily on the 
techniques described by Kroustrup and Gundersen 
(1983), Gundersen and Jensen (1987), and Gundersen 
et al. (1988). 

Statistical assessments of the results were per-
formed using IBM SPSS Statistics version 26. A similar 
statistical method was used by Staron et al. (1999) in 
their quantitative histochemical studies on the soleus 
and tibialis anterior muscles of the rat. 

RESULTS 

Observation of the sections under an optical micro-
scope allowed us to assess the quality of fixation of the 
muscle fragments. Most of them showed proper fixation, 
although a small number presented small cavities in the 
cytoplasm, interpreted as the result of ice crystal for-
mation, which did not invalidate their use. 

The muscle fibres generally had a transverse sec-
tion. Occasionally, areas with transversely sectioned fi-
bres were observed in some samples, alongside other 
contiguous areas with obliquely sectioned fibres of el-
liptical or polygonal shape. 

The size of the fibres varied. Generally, we found 
groups of small diameter fibres and other groups of 
larger diameter fibres, although in both cases the pres-
ence of elements of different sizes could not be ex-
cluded. These differences in fibre size were very evident 
in the SDH staining, especially in the tibialis anterior 
muscle. In this muscle, large unstained fibres, most 
likely of anaerobic metabolism, could be differentiated 
from small, most probably aerobic, type I fibres.  

Muscle fibre cytoplasm stained by means of 
ATPase techniques showed homogeneous staining. 
However, the SDH technique exhibited marked diver-
sity, ranging from intense homogeneous blue staining of 
the entire surface to little or no staining. In many cases, 
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fibres presented an intensely stained circular subsarco-
lemmal rim, while the rest of the circular surface showed 
little or no staining. 

To evaluate these results, the intensity of the indi-
vidual staining of each fibre was assigned a value: ab-
sence of staining was assigned (-), and values (+), (++), 
or (+++) were assigned depending on the staining inten-
sity from lowest to highest. The microphotographs 
(Figs. 1–5) show the findings described above.  

For counting and measurements using the Meta-
morph programme, the same area was selected in each 
microphotograph. The total area of a microphotograph 
was associated with the number of points it contained: 
153 in total. Each point corresponded to the intersection 
of the vertical and horizontal lines of an overlapping 
grid. The points were distributed in a pattern in which 

some were located inside blood vessels or connective 
tissue, while others were inside the sectioned muscle fi-
bres. Each fibre type was assessed according to stand-
ards in stereology, including only those located in the 
upper right quadrant to avoid counting errors. The area 
established for counting, measured using Metamorph, 
had dimensions of 2560 x 1024 pixels, with minimal dif-
ferences between all the microphotographs studied. 

The following tables (Tables 1–3) show the results 
obtained for each section of each rat. Specifically, each 
fragment from a different muscle and each technique 
used is shown. The results include the numerical data of 
the surface area measured using Metamorph in pixels 
and the corresponding percentage of surface area esti-
mated by point counting (% area). 

 
Fig. 1a. C1 SRb: basic ATPase of the right soleus muscle. 

 
Fig. 1b. C1 SRb +++: basic ATPase of the right soleus muscle. In red colour, the fibres stained with the highest 
intensity (+++) identified using Metamorph. 
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Fig. 2a. C2 SLa: acid ATPase of the left soleus muscle. 

 
Fig. 2b. C2 SLa ++: acid ATPase of the left soleus muscle. In red colour, the fibres stained with moderate intensity 
(++) identified using Metamorph. 
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Fig. 3a. C2 TLb: basic ATPase of the left tibialis anterior muscle. 

 
Fig. 3b. C2 TLb +++: basic ATPase of the left tibialis anterior muscle. In red colour, the fibres stained with the 
highest intensity (+++) identified using Metamorph. 
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Fig. 4a. C2 TLs: SDH of the left tibialis anterior muscle. 

 
Fig. 4b. C2 TLs +++: SDH of the left tibialis anterior muscle. In red colour, the fibres stained with the highest 
intensity (+++) identified using Metamorph. 
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Fig. 5a. C5 TLs: SDH of the left tibialis anterior muscle. 

 
Fig. 5b. C5 TLs ++: SDH of the left tibialis anterior muscle. In red colour, fibres with moderate intensity (++) 
identified using Metamorph. 
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Table 1. Results with the acid ATPase technique. 

Rat SLa +++ 
(pixels) 

SLa +++ 
(% area) 

SLa ++ 
(pixels) 

SLa ++ 
(% area) 

SLa + 
(pixels) 

SLa + 
(% area) 

SLa – 
(pixels) 

SLa – 
(% area) 

1 0 0 67049 30.03 116025 51.97 0 0 
2 0 0 45243 19.87 146061 64.17 0 0 
3 0 0 53793 23.69 166567 73.36 0 0 
4 0 0 51807 23.14 88189 39.40 0 0 
5 0 0 73310 32.56 119670 53.15 0 0 
6 0 0 69744 31.25 111350 49.89 0 0 
         

Rat SRa +++ 
(pixels) 

SRa +++ 
(% area) 

SRa ++ 
(pixels) 

SRa ++ 
(% area) 

SRa + 
(pixels) 

SRa + 
(% area) 

SRa – 
(pixels) 

SRa – 
(% area) 

1 0 0 48489 21.63   72698 32.43 75584 33.71 
2 0 0 42429 18.79 143850 63.71 0 0 
3 31381 13.85 62250 27.48 0 0 0 0 
4 0 0 87296 38.60   91568 40.49 0 0 
5 0 0 42027 18.45   82292 36.14 0 0 
6 0 0 41778 18.53 137215 60.89 0 0 

Rat TLa +++ 
(pixels) 

TLa +++ 
(% area) 

TLa ++ 
(pixels) 

TLa ++ 
(% area) 

TLa + 
(pixels) 

TLa + 
(% area) 

TLa – 
(pixels) 

TLa – 
(% area) 

1 0 0   96782 42.85 16130 7.14 0 0 
2 0 0 158905 71.16 0 0 0 0 
3 0 0 150641 67.31 29250 13.06 0 0 
4 0 0 155410 68.94 11910 05.28 0 0 
5 0 0 136058 60.69 0 0 0 0 
6 0 0 152127 68.36 0 0 0 0 
         

Rat TRa +++ 
(pixels) 

TRa +++ 
(% area) 

TRa ++ 
(pixels) 

TRa ++ 
(% area) 

TRa + 
(pixels) 

TRa + 
(% area) 

TRa – 
(pixels) 

TRa – 
(% area) 

1 0 0 136287 61.86 10234 4.64 0 0 
2 0 0 146390 65.02 41424 18.40 0 0 
3 0 0 115110 51.43 36610 16.35 0 0 
4 0 0 159991 71.48 0 0 0 0 
5 0 0 138513 61.02 0 0 0 0 
6 0 0 146693 64.99 0 0 0 0 
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Table 2. Results with the basic ATPase technique. 

Rat SLb +++ 
(pixels) 

SLb +++ 
(% area) 

SLb ++ 
(pixels) 

SLb ++ 
(% area) 

SLb + 
(pixels) 

SLb+ 
(% area) 

SLb – 
(pixels) 

SLb – 
(% area) 

1 45520 20.27 16577 7.38   91565 70 0 0 
2 39926 17.15 19449 8.55 123492 93 0 0 
3 39967 17.63 14706 6.48 101699 86 0 0 
4   8823   3.89 51463 22.70 136663 85 0 0 
5 10588   4.71 23409 10.42 118721 84 0 0 
6 23520 10.40   2647   1.17 115667 99 0 0 
         

Rat SRb +++ 
(pixels) 

SRb +++ 
(% area) 

SRb ++ 
(pixels) 

SRb ++ 
(% area) 

SRb + 
(pixels) 

SRb + 
(% area) 

SRb – 
(pixels) 

SRb – 
(% area) 

1 20166   8.99   8453   3.77 0 0 75584 33.71 
2 28066 12.41 15348   6.78 118648 52.48 0 0 
3 20284   9.06 16346   7.30   97244 43.45 0 0 
4   9714   4.31 49488 21.98   99929 44.39 0 0 
5 26843 11.75   4447   1.94   90685 39.71 0 0 
6 41726 18.60 16338   7.28 119137 53.13 0 0 

Rat TLb +++ 
(pixels) 

TLb +++ 
(% area) 

TLb ++ 
(pixels) 

TLb ++ 
(% area) 

TLb + 
(pixels) 

TLb + 
(% area) 

TLb – 
(pixels) 

TLb – 
(% area) 

1 0 0   83695 37.12 0 0    6737   2.98 
2 10461   4.69   36043 16.17 0 0 124711 55.97 
3 0 0 110585 49.69 5523 24.82     2146   0.96 
4 71116 31.45 134332 59.42 6608   2.92 0 0 
5 0 0 113818 49.94 0 0 0 0 
6 0 0   13509 60.54 0 0 0 0 
         

Rat TRb +++ 
(pixels) 

TRb +++ 
(% area) 

TRb ++ 
(pixels) 

TRb ++ 
(% area) 

TRb + 
(pixels) 

TRb + 
(% area) 

TRb – 
(pixels) 

TRb – 
(% area) 

1 0 0 126887 57.75   72907 33.18 0 0 
2   4326   1.92   36905 16.44 146989 65.49 0 0 
3 0 0 152061 68.61    2483   1.12 0 0 
4 44086 19.5 0 0 132276 56.51 11625 5.14 
5   2003 0.88 126780 56.06 0 0 0 0 
6 0 0 143464 64.00 0 0 0 0 
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Table 3. Results with the SDH technique. 

Rat SLs +++ 
(pixels) 

SLs +++ 
(% area) 

SLs ++ 
(pixels) 

SLs ++ 
(% area) 

SLs + 
(pixels) 

SLs + 
(% area) 

SLs – 
(pixels) 

SLs – 
(% area) 

1 58122 26.05 0 0 104582 46.87 0 0 
2 41593 18.39 0 0   94955 42.03 0 0 
3 0 0 42529 18.93   57718 25.70 0 0 
4 0 0 95178 41.81   76187 33.47 0 0 
5 49145 21.89 79007 35.20   80745 35.97 0 0 
6 85158 38.32 69888 31.45 0 0 0 0 
         

Rat SRs +++ 
(pixels) 

SRs +++ 
(% area) 

SRs ++ 
(pixels) 

SRs ++ 
(% area) 

SRs + 
(pixels) 

SRs + 
(% area) 

SRs – 
(pixels) 

SRs – 
(% area) 

1 69497 31.01 77301 34.49 0 0 0 0 
2 88261 39.43 0 0 121779 54.41 0 0 
3 72642 31.67 41792 18.22   19745   8.61 0 0 
4 0 0 121567 54.13   48084 21.36 0 0 
5 86640 38.36   86539 38.31 0 0 0 0 
6 81808 36.84 0 0 104131 46.89 0 0 
         

Rat TLs +++ 
(pixels) 

TLs +++ 
(% area) 

TLs ++ 
(pixels) 

TLs ++ 
(% area) 

TLs + 
(pixels) 

TLs + 
(% area) 

TLs – 
(pixels) 

TLs – 
(% area) 

1 61997 27.78 0 0   57270 25.66 0 0 
2 39615 17.56 0 0   67385 29.87 62664 27.78 
3 64611 28.33 94947 41.63   34964 15.33 0 0 
4 0 0 77815 34.81 122955 55.00 0 0 
5 65865 28.96 23258 10.22 108607 47.75 0 0 
6 35525 15.80 0 0 156518 69.62 0 0 
         

Rat TRs +++ 
(pixels) 

TRs +++ 
(% area) 

TRs ++ 
(pixels) 

TRs ++ 
(% area) 

TRs + 
(pixels) 

TRs + 
(% area) 

TRs – 
(pixels) 

TRs – 
(% area) 

1 96452 42.51 0 0 30171 13.30 0 0 
2 67934 30.13 53948 23.53 73965 32.81 0 0 
3 75363 33.75 93069   4.69 0 0 0 0 
4 49106 21.43 54235 23.67 61937 27.03 0 0 
5 50942 22.89 20716   12.9 75203 33.78 0 0 
6 61934 27.55 31174 13.86 81385 36.20 0 0 

 

DISCUSSION 

A repeated measures model was used to compare 
the percentages obtained from both methods. The meas-
urements corresponded to assessments carried out using 
the point counting method on the one hand and the Met-
amorph surface area on the other. In the model used to 
compare both methods in each technique (acid, basic 
and SDH), the following three factors were considered: 
muscle with two levels (soleus and tibialis anterior), side 
with two levels (left and right), and intensity with four 
levels (‘-’, ‘+’, ‘++’ and ‘+++’). Levene’s test was con-
ducted to assess the homogeneity of variances. 

ACID (acid ATPase technique) 
In the analysis of the statistical model for acid 

ATPase, the absent (-) and highest (+++) intensities 

were excluded. In the absence of staining, variability 
was zero, as all observed data were equal to zero. At the 
highest intensities, a similar pattern occurred in most 
muscle and side combinations (left soleus, left tibialis 
anterior, and right tibialis anterior). Homogeneity of var-
iances was observed: the p-value obtained in Levene’s 
test for point counting (ratio %) was 0.136, and the p-
value for Metamorph surface area (%) was 0.073. 

In the saturated model, which included all possible 
two- and three-way interactions, the triple interaction 
‘Muscle*Side*Intensity’ (p-value = 0.838) and the dou-
ble interactions ‘Side*Intensity’ (p-value = 0.310) and 
‘Muscle*Side’ (p-value = 0.149) were not significant. 
Conversely, the double interaction ‘Muscle*Intensity’ 
was highly significant (p-value = 0.000000139). 
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In the model resulting from the analysis, the non-
significant interaction effects were excluded, but the 
main effects of the principal factors (‘Muscle’, ‘Side’, 
and ‘Intensity’) were retained. In addition, the double in-
teraction effect ‘Muscle*Intensity’ was found to be sig-
nificantly non-zero. The estimate of the common vari-
ance using this model was 4.568 (𝑠̂𝑠𝐷𝐷).  

Table 4 and Fig. 6 show the mean percentages cal-
culated by point counting (ratio %) and Metamorph sur-
face area (%) in each of the 16 combinations of Muscle, 
Side, and Intensity.  

At the moderate intensity (++), significantly differ-
ent percentage means for point counting and Metamorph 
surface area were observed in both muscles and both 
sides. This occurred in all Muscle–Side combinations 
except for the left soleus. In all cases, the Metamorph 
surface area percentages were significantly lower than 
the point counting percentages, with the previously men-
tioned exception of the left soleus. 

At the remaining intensities, significantly different 
percentage means for point counting and Metamorph sur-
face area were observed only at the low intensity (+) of 
the right soleus, where the mean percentage calculated 
through Metamorph surface area was significantly lower 
than the mean percentage obtained by point counting. 

BASIC (basic ATPase technique) 
Homogeneity of variances was observed, as the p-

values obtained from Levene’s test were 0.062 for point 
counting (%) and 0.051 for Metamorph surface area (%). 

The triple interaction ‘Muscle*Side*Intensity’ (p-
value = 0.668), and the double interactions ‘Mus-
cle*Side’ (p-value = 0.433) and ‘Side*Intensity’ (p-
value = 0.867) were not significant. Conversely, the 

double interaction ‘Muscle*Intensity’ was highly signif-
icant (p-value = 0.0000002). 

In the model resulting from the analysis, the non-
significant interaction effects were excluded. The model 
included the main effects of each of the factors (‘Mus-
cle’, ‘Side’ and ‘Intensity’) and the significant double 
interaction effect ‘Muscle*Intensity’. The estimate of 
the common variance with this model was 5.377 (𝑠̂𝑠𝐷𝐷).  

Table 4. Mean sample values for point counting and 
Metamorph surface area in each of the 16 combinations 
of Muscle, Side, and Intensity in the acid ATPase tech-
nique. Asterisks (*) indicate a significant difference be-
tween the percentages calculated from point counting 
(ratio %) and those obtained from Metamorph surface 
area (%) (* p < 0.05). 

 

 
Fig. 6. Mean sample values for point counting and Metamorph surface area in each of the 16 combinations of Muscle, 
Side, and Intensity in the acid ATPase technique. Asterisks (*) indicate a significant difference between the percent-
ages calculated from point counting (ratio %) and those obtained from Metamorph surface area (%) (* p < 0.05). 

Muscle Side Intensity Point counting 
(ratio %) 

Metamorph 
surface area 

(%) 

Soleus 

Left 

"+++"  0 0 
"++"  25.16 26.76 
"+"  58.28 55.32 
"-"  0 0 

Right 

"+++"  3.49 2.31 
"++" * 31.05 23.91 
"+" * 46.08 38.94 
"-"  0 0 

Anterior 
Tibial 

Left 

"+++"  1.42 0 
"++" * 81.15 63.22 
"+"  2.51 4.25 
"-"  0 0 

Right 

"+++"  0 0 
"++" * 83.12 62.63 
"+"  4.36 6.57 
"-"  0 0 
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Table 5 and Fig.7 below show the mean percentages 
for point counting (ratio %) and Metamorph surface area 
(%) across all combinations of Muscle, Side, and Intensity. 

Table 5. Sample mean values for point counting and 
Metamorph surface area in each of the 16 combinations 
of Muscle, Side, and Intensity in the basic ATPase tech-
nique. Asterisks (*) indicate a significant difference 
when comparing the percentages calculated from point 
counting (ratio %) with those obtained from Metamorph 
surface area (%) (* p < 0.05). 

Muscle Side Intensity Point counting 
(ratio %) 

Metamorph 
surface area 

(%) 

Soleus 

Left 

"+++" * 21.90 12.34 
"++" 

 
  6.32   9.45 

"+" 
 

56.32 50.50 
"-" 

 
0 0 

Right 

"+++" * 20.37 10.85 
"++" 

 
  6.21 8.18 

"+" 
 

43.46 38.86 
"-" 

 
  7.30   5.62 

Anterior 
Tibial 

Left 

"+++" 
 

  7.19   6.02 
"++" * 62.85 45.48 
"+" 

 
  2.07   4.62 

"-" 
 

10.24 9.99 

Right 

"+++" 
 

  3.92   3.72 
"++" * 53.81 43.81 
"+" 

 
24.73 26.05 

"-" 
 

0   0.86 

At the highest intensity (+++), the mean point 
counting percentages in the soleus muscles on both sides 
were significantly higher than the corresponding Meta-
morph surface area percentages. However, in the tibialis 
anterior muscles on both sides, the mean point counting 
and Metamorph surface area percentages showed only 
minor, non-significant differences. 

At the moderate intensity (++), the tibialis anterior 
muscles on both sides showed mean point counting per-
centages that were significantly higher than the corre-
sponding Metamorph surface area percentages. In the 
left soleus muscle, the mean point counting percentages 
were significantly lower than the corresponding Meta-
morph surface area percentages. The differences were 
not significant in the right soleus muscle. 

At the absent (-) and low (+) intensities, the differ-
ences were minimal and not significant in all four mus-
cle–side combinations. 

SDH (Succinate dehydrogenase technique) 
For the analysis of the SDH technique, the absent 

intensity (-) was excluded because it showed no varia-
bility, as all the data obtained were zero. 

Homogeneity of variances was observed, with p-
values obtained from Levene’s test being 0.103 for point 
counting (%) and 0.424 for Metamorph surface area (%). 

The triple interaction ‘Muscle*Side*Intensity’ (p-
value = 0.075) and the double interaction ‘Muscle*Side’ 
(p-value = 0.294) were not significant. Conversely, the 
double interactions ‘Muscle*Intensity’ (p-value = 
0.016) and ‘Side*Intensity’ (p-value = 0.019) were sig-
nificant. 

The model resulting from the analysis was the one 
in which non-significant interaction effects were ex-
cluded. The model included the main effects of the fac-
tors ‘Muscle’, ‘Side’, and ‘Intensity’, as well as the sig-
nificant double interaction effects ‘Muscle*Intensity’ 
and ‘Side*Intensity’. The estimate of the common vari-
ability with this model was 7.98 (𝑠̂𝑠𝐷𝐷). 

 
Fig. 7. Sample mean values for point counting and Metamorph surface area in each of the 16 combinations of 
Muscle, Side, and Intensity in the basic ATPase technique. Asterisks (*) indicate a significant difference when 
comparing the percentage values calculated from point counting (ratio %) with those obtained from Metamorph 
surface area (%) (* p < 0.05). 
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Table 6 and Fig.8 show the average values of the 
percentages calculated for point counting (ratio %) and 
Metamorph surface area (%) for all combinations of 
Muscle, Side, and Intensity.  

Table 6. Sample mean values for point counting and 
Metamorph surface area in each of the 16 combinations 
of Muscle, Side, and Intensity in the SDH technique. As-
terisks (*) indicate a significant difference when com-
paring the percentage values calculated from point 
counting (ratio %) with those obtained from Metamorph 
surface area (%) (* p < 0.05). 

Significant differences were found only in the left 
soleus at the highest (+++) and moderate (++) intensities 
when comparing the mean values for point counting (ra-
tio %) and Metamorph surface area (%). 

To compare surface area percentages, a model was 
used in each technique (acid, basic and SDH) in which 

three factors were considered: Muscle with two levels 
(soleus and tibialis anterior), Side with two levels (left 
and right) and Intensity with four levels (‘-’, ‘+’, ‘++’ 
and ‘+++’). As before, to statistically evaluate the 
model, intensities with no variability were excluded. 
Therefore, in the acid and basic ATPase techniques, the 
absent (-) and highest (+++) intensities were excluded. 
In the SDH technique, the absent (-) intensity was ex-
cluded. The average percentages are shown in Figs. 9, 
10, and 11. 

Fig. 9 shows the acid ATPase results. It should be 
noted that in the soleus, the average surface area percent-
age for the light intensity (+) was significantly higher 
than that for the moderate intensity (++). However, this 
pattern was reversed in the tibialis anterior muscle, 
where the average surface area percentage for the mod-
erate intensity (++) was significantly higher than that for 
the light intensity (+). Fig. 9 also shows that no signifi-
cant differences in the average surface area percentage 
were found when comparing the left and right sides in 
any muscle–intensity combination. 

Fig. 10 shows the results of the basic ATPase tech-
nique. As already described for the acid ATPase tech-
nique, it can be observed that in the case of the soleus the 
average surface area percentage for the light intensity (+) 
was significantly higher than that for the moderate inten-
sity (++). However, this pattern was reversed in the tibi-
alis anterior muscle, where the average surface area per-
centage for the moderate intensity (++) was significantly 
higher than that for the light intensity (+). Fig. 10 also 
shows that there were no significant differences in the av-
erage surface area percentage between the left and right 
sides in any muscle–intensity combination, except for the 
tibialis anterior muscle at the light intensity (+). 

 
Fig. 8. Sample mean values for point counting and Metamorph surface area in each of the 16 combinations of Muscle, 
Side, and Intensity in the SDH technique. Asterisks (*) indicate a significant difference when comparing the percentage 
values calculated from point counting (ratio %) with those obtained from Metamorph surface area (%) (* p < 0.05). 

Muscle Side Intensity Point counting 
(ratio %) 

Metamorph 
surface area 

(%) 

Soleus 

Left 

"+++" * 26.47 17.44 
"++" * 46.51 36.05 
"+" 

 
14.16 15.86 

"-" 
 

0 0 

Right 

"+++" 
 

26.03 29.55 
"++" 

 
37.15 34.76 

"+" 
 

20.04 14.06 
"-" 

 
0 0 

Anterior 
Tibial 

Left 

"+++" 
 

28 19.74 
"++" 

 
10.68 14.44 

"+" 
 

40.2 40.54 
"-" 

 
9.48 4.63 

Right 

"+++" 
 

36.17 29.71 
"++" 

 
15.58 13.11 

"+" 
 

32.14 23.85 
"-" 

 
0 0 
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Fig. 9. Sample mean values for Metamorph surface area in each of the 16 combinations of Muscle, Side, and Intensity 
in the acid ATPase technique. 

 
Fig. 10. Sample mean values for Metamorph surface area in each of the 16 combinations of Muscle, Side, and Inten-
sity in the basic ATPase technique. 

 
Fig. 11. Sample mean values for Metamorph surface area in each of the 16 combinations of Muscle, Side, and Inten-
sity in the SDH technique. 
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Fig. 11 shows the results of the SDH technique. In 
this case, the percentages for the highest intensity (+++) 
were significantly non-zero. Contrary to what was ob-
served in the acid and basic ATPase techniques, in the so-
leus muscle the average surface area percentage for the 
moderate intensity (++) was significantly higher than that 
for the light intensity (+). However, this pattern was re-
versed in the tibialis anterior muscle, where the average 
surface area percentage for the light intensity (+) was sig-
nificantly higher than that for the moderate intensity (++). 
Fig. 11 also shows that there was no significant difference 
in average surface area percentages between the left and 
right soleus muscles across all intensities except the high-
est (+++). In the tibialis anterior muscle, significant dif-
ferences were observed between the two sides at the high-
est (+++) and light (+) intensities. 

Histochemical techniques, including acid ATPase, 
basic ATPase and SDH, show variable results in differ-
ent types of muscle fibres. Type I (oxidative) fibres often 
stain intensely with SDH, do not stain with basic 
ATPase, and show variable staining with acid ATPase. 
Type II fibres, due to their metabolic variability—which 
includes both oxidative-glycolytic and glycolytic fi-
bres—present several staining patterns. They are gener-
ally stained with basic ATPase, less frequently with acid 
ATPase, and can often be stained with SDH, although 
with lower intensity than type I fibres. Fig.s 4a and 5a 
show type I fibres (oxidative and small in size) intensely 
stained with SDH in both muscles, whereas type II fi-
bres, oxidative-glycolytic and glycolytic, larger in size, 
show varying staining intensities. These differences in 
staining may explain why the areas occupied by fibres 
stained with ATPase and SDH differ. 

There were no quantitative studies with which to 
compare our results. Studies on muscle fibres and mus-
cles generally provide qualitative information, consist-
ing of individualised observations of fibres in isolated 
images or data on a small number of fibres, with limited 
demonstrative value regarding the function of the struc-
ture observed. The power of a muscle is determined by 
the physiological cross-sectional area (PCSA) and the 
pennation angle. The aim of this work was to provide a 
method for measuring the PCSA. The soleus and tibialis 
anterior muscles studied in our work are unipennate fu-
siform muscles composed of parallel longitudinal fibres. 
In our study, they were sectioned transversely in their 
central region of greatest thickness. Due to their location 
in the hind limb of the rat, they perform their respective 
functions effectively. The soleus contributes to walking 
without fatigue, whereas the tibialis anterior is involved 
in more powerful movements, such as jumping. It should 
also be noted that muscle power can be increased when 

more motor units are recruited during activity. A motor 
unit consists of a motor neuron and the set of muscle fi-
bres it innervates. Our results show that fibrillar compo-
sition is related to function: type I (oxidative) muscle fi-
bres predominate in the soleus muscle, which is resistant 
to fatigue due to its aerobic metabolism, whereas type II 
(glycolytic and oxidative-glycolytic) fibres predominate 
in the tibialis anterior. The results of our study, con-
ducted on rat samples, are not directly comparable to hu-
mans because of our bipedalism, but they can serve as a 
basis for future studies or as complementary data. 

Observation of the micrographs, such as those pre-
sented in this study, shows that the classification of 
staining intensity into four categories (negative, light, 
moderate and high) is somewhat imprecise and often 
questionable when subjectively assigning a section of a 
fibre to a particular category, as intermediate staining in-
tensities occur between two categories. For this reason, 
quantification can be affected by human error, mainly in 
the assessment of the intermediate categories (+) and 
(++). This potential error arises when using point count-
ing, but not when measuring areas with the Metamorph 
programme. Therefore, this software can be considered 
a complementary technique for improving stereological 
point counting. 
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