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Abstract
Background The aim of our study was to observe the quantitative changes in tibial plateau chondrocytes
in the proliferation process from normal Gottingen pigs in vitro and compare them with the Fibonacci
sequence.

Methods Chondrocytes from normal Gottingen pig tibial plateau cartilage were isolated and cultured to
the third generation, and the number of chondrocytes was measured to determine whether the
chondrocyte growth was at the logarithmic growth phase. Chondrocytes were added to cell culture bottles
at very a low density to allow full separation and allow each chondrocyte to grow as independently as
possible. Thirty single chondrocytes were selected, and the number of chondrocyte colonies were
observed and recorded every day.

Results Among the 30 chondrocyte colonies, the changes in the numbers of 16 chondrocyte colonies
were 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610, and 987, which conformed to the numbers of the
Fibonacci sequence.The number of other chondrocyte colonies was lower than corresponding numbers
of the Fibonacci sequence at the same time point.

Conclusion The numbers of normal Gottingen pig tibial plateau chondrocytes during the proliferation
process were in line with the numbers of the Fibonacci sequence.Alignment to the Fibonacci sequence
may be the fastest way for changes in the numbers of normal chondrocytes during the proliferation
process in vitro.

Background
The Fibonacci sequence was �rst described by the Italian mathematician Leonardo Fibonacci 1. He
de�ned the sequence 0,1 as the �rst two terms, and the numerical value of the third term is the sum of the
�rst two terms, namely,α1 = 0α2 = 1,αn = αn−2 + αn−1.The speci�c values are 0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55,
89, 144 … Later, it was found that the Fibonacci sequence is closely related to the biological development
of animals and plants in nature 2−4, such as the number of branches of large trees, the number of leaves
of plants, the spiral lines of snail shells and sun�ower seeds.Some scholars believe that when an
individual has a certain amount of energy, the proliferation mode conforming to the Fibonacci sequence
may be fastest.

The proliferation of chondrocytes on the tibial plateau of the knee joint has always been a popular
research topic 5–7. Studies have shown that when knee joint degenerative diseases occur, the proliferation
ability of chondrocytes in tibial plateau cartilage is obviously weakened, which eventually leads to
cartilage degeneration 8–11.When we cultured tibial plateau chondrocytes of Gottingen pigs in vitro, we
found that the chondrocyte number of the proliferation process was closely related to the Fibonacci
sequence.
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The aim of our study was to observe whether the Gottingen pig tibial plateau chondrocyte number of the
proliferation processwas in line with the Fibonacci sequence.

Materials And Methods

Animal handling
This study was approved by the Ethics Committee of Shanxi Medical University (approval
number:SXMUE2019004). Ten 6-month-old female speci�c-pathogen free (SPF)-grade Gottingen pigs
(Animal Experiment Center of Shanxi Provincial People's Hospital, China) were euthanized, and cartilage
tissue samples of the bilateral knee tibial plateau were obtained under aseptic conditions. All experiments
were performed in accordance with the Public Health Service Policyand the Guide to the Care and Use of
Laboratory Animals.Cartilage tissue of the Gottingen pig osteoarthritis(OA) knee was subsequently
obtained (via the anterior cruciate ligament cutting model,provided by Professor Wei Lei of Brown
University).

Tibial growth plate chondrocytes
A sterile scalpel was used to cut layers of cartilage tissue in both the normal group and OA group, and
chondrocytes were obtained after tissue clipping and collagenase type II digestion.The isolated
chondrocytes were cultured in Dulbecco's modi�ed Eagle's medium (DMEM) supplemented with 10%
foetal calf serum (FCS) at 37°C in a humidi�ed atmosphere comprising 95% air and 5% CO2. The
chondrocytes were cultured to the third generation (P3) for experiments.

Planting and observation of chondrocytes
The chondrocytes were grown to maturity and added to a T75 culture �ask at very low density
(104/bottle).A total of 10 bottles of chondrocytes and a total of 30 chondrocyte colonies were used for
experiments in the normal group and OA group,respectively.After 24 hours of chondrocyte adhesion, three
isolated cells were selected from each bottle for observations and moved to the bottom wall of the culture
bottle for subsequent observations.Every day, the changes in the number of all chondrocyte colonies were
observed, and the corresponding time points were recorded.

Comparison of chondrocyte proliferation between the
normal group and the OA group
The change in the number of chondrocyte colonies in the normal group and OA group was plotted with
observation days and compared with the Fibonacci sequence, and the average norm was calculated as
follows:Average norm=[(N1 -1)2 + (N2 -2)2 + (N3 -3)2 + (N4 -5)2 + (N5-8)2 + (N6-13)2 + (N7-21)2 + (N8 -34)2 +

(N9-55)2+ (N10 -89)2 + (N11 -144)2 + (N12 -233)2 + (N13 -377)2 + (N14 -610)2 + (N15 -987)2]/30(N represents
the number of chondrocytes at the observed time point).
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Results

Comparison of normal chondrocyte proliferation with the
Fibonacci sequence
Among the 30 chondrocyte colonies, the changes in the number of 16 chondrocyte colonies were 1, 2, 3,
5, 8, 13, 21, 34, 55, 89, 144, 233, 377, 610, 987at the corresponding time point, which conformed to the
Fibonacci sequence.The number of other chondrocyte colonies was lower than that of the Fibonacci
sequence at the same time point (Table 1, Fig. 1).

Comparison of normal chondrocyte proliferation with OA
chondrocytes
Compared with that of normal chondrocytes, the average norm of chondrocytes in the OA group
increased signi�cantly.This means that the proliferation number of chondrocytes in the OA group is
highly different from the Fibonacci sequence. The proliferation number of chondrocytes in the normal
group was closer to the Fibonacci sequence.The 24-hour average proliferation rate was lower in the OA
group than in the normal group (Table 2, Fig. 1).

Discussion
The Fibonacci sequence is also called the "rabbit sequence" 12. The earliest model problem is as follows:
Suppose there is a pair of young rabbits that grow up after one month, and then they can breed a pair of
young rabbits every month. The young rabbits will also grow up after one month of growth and join the
ranks of young breeding rabbits. Assuming that no rabbits will die, ask how many pairs of rabbits there
are in month X.According to the calculation, the speci�c values are 1 pair in the �rst month, 2 pairs in the
second month, 3 pairs in the third month, 5 pairs in the fourth month, 8 pairs in the �fth month, 13 pairs in
the sixth month, 21 pairs in the seventh month, 34 pairs in the eighth month and 55 pairs in the ninth
month, …. Since then, scholars have found that the processes of several aspects of many species in
nature follow the Fibonacci sequence, such as the emergence of large branches, which is as follows: the
thickest trunk is 1, the upward branches are 2, and then the upward branches are 3, 5, 8, .... For example,
the emergence of some plant leaves and the number of petals are consistent with the numbers of the
sequence. Why does this phenomenon occur? Scientists have found through experiments that breeding
processes in line with the Fibonacci sequence are the fastest way,as the energy in animals and plants is
constant this way 2,3 13.

When knee OA occurs, the proliferation ability of chondrocytes in articular cartilage tissue decreases,
which leads to a decrease in both chondrocytes and extracellular matrix secreted by
chondrocytes,ultimately leading to a decrease in cartilage tissue quantity.Therefore, the proliferation
ability of chondrocytes is an important direction to study the development of knee OA 14,15.The division
and proliferation of chondrocytes are affected by many factors.When we cultured chondrocytes in vitro,
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we found that the process of chondrocyte division and proliferation did not follow the mode of 1–2,2–
4,4–8; in other words, it was not a 2n series mode.Instead, we found that when a chondrocyte population
divides and proliferates, there are always some chondrocytes in the division stage and the other
chondrocytes in the resting stage.As shown by the red arrow in Fig. 1F, 3 out of 5 chondrocytes are in the
cell division stage (the nucleus is about to divide).

To observe the change in the proliferation number of normal chondrocytes,we added Gottingen pig knee
chondrocytes to culture bottles at very low density,and because of the "ameba" movement of
chondrocytes, when we selected chondrocytes for observation, we selected isolated chondrocytes without
other cells around the microscope �eld of vision.After 42 days of observation, we found that the
proliferation of normal chondrocytes conformed to the Fibonacci sequence. Sixteen of the 30 observed
chondrocyte colonies essentially conformed to the sequence.The proliferation number of the other
remaining chondrocytes was lower than that of the Fibonacci sequence, and no chondrocyte colony
presenting numbers exceeding those corresponding to this sequence was observed.Moreover, the
chondrocytes in the OA group essentially did not have chondrocyte colonies whose growth followed a
pattern similar to that of the Fibonacci sequence, and the number of chondrocyte colonies that
proliferated in the end was signi�cantly less than that in the normal group.By comparing the average
norm of chondrocyte number and Fibonacci number at the same time point between the two groups, we
found that the average norm of the OA group was signi�cantly larger than that of the normal group.This
shows that the proliferation number of chondrocytes in the OA group deviated from thenumbers of the
Fibonacci sequence more than that in the normal group did.Therefore, we believe that in the process of
the proliferation of Gottingen pig knee chondrocytes, the change in chondrocyte number is close to the
numbers in the Fibonacci sequence under normal circumstances, and when there are interferingfactors
such as cell ageing and the proliferation ability decreases, the number deviates from and becomes lower
than corresponding numbers of the Fibonacci sequence.We even speculate that the fastest of all cell
proliferation methods may be closely aligned to the Fibonacci sequence, but the time differences in
changes in cell numbers are different, which eventually leads to the inconsistency of the cell proliferation
rate after 24 hours.

Conclusion
In summary,we found that the changes in the number of Gottingen pig knee normal chondrocytes in vitro
were very consistent with the Fibonacci sequence, while OA chondrocytes deviated from and were lower
than the corresponding numbers of this sequence.The cell proliferation mode conforming to the
Fibonacci sequence may be the fastest cell proliferation mode.

Our experiment also has some limitations. In this experiment, we found that the change in the number of
chondrocytes on the tibial plateau of normal knees in vitro is in accordance with the numbers of the
Fibonacci sequence. However,the longest observation time was 42 days, and the apoptosis rate of
chondrocytes was not considered. What is the additional relationship between chondrocyte proliferation
and the Fibonacci sequence? Further observations and research are needed.
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Abbreviations
OA: Osteoarthritis; OARSI: Osteoarthritis Research Society International (OARSI); NS: normal saline; SPF:
Speci�c-pathogen free; DMEM: Dulbecco’s modi�ed Eagle’s medium; FCS: Fetal calf serum; P3: Third
generation
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Tables
Due to technical limitations, tables are only available as a download in the Supplemental Files section.

Figures

Figure 1

Gottingen pig knee tibial plateau chondrocytes cultured in vitro and the Fibonacci sequence. (A) Changes
in chondrocyte number and morphology at 42 days. (B)Comparison between the proliferation of normal
chondrocytes and the Fibonacci sequence.(C)The proliferation curves of normal chondrocytes and OA
chondrocytes were compared with the Fibonacci sequence.(D)Comparison of the average norm with the
Fibonacci sequence in both the normal chondrocyte group and the OA chondrocyte group.(E)Comparison
of the 24-h proliferation rate between normal chondrocytes and OA chondrocytes.(F)Three(red arrows) of
the �ve chondrocytes(white arrows) are in a state of division.
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