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Background. Adequate blood flow in tissues during bone union is a factor that enables to achieve positive
treatment results.

Aim of study — to study in vivo the features of temperature response and blood flow in consolidation area of
tibial primary fractures and refractures.

Methods. A tibial fracture was simulated in rats and then immobilized with external fixator. In series 1
(n = 13) the fixation was kept until union. In series 2 (n = 18) a refracture was simulated 21 days after the surgery
and refixed until union. The blood flow and tissue temperature were studied in the fracture area in normal
conditions; 21 and 35 days after fracture or refracture; 28 days after the end of fixation.

Results. The temperature and blood flow were of the same type, but of different intensity. Three types of reactions
were identified: 1) reduced blood flow velocity and tissue temperature, signs of venous outflow difficulty; 2)
increased blood flow, unchanged venous outflow, reduced tissue temperature; 3) slight blood flow decrease,
increased venous outflow, slight tissue temperature increase. By the end of fixation (35 days) all parameters
in series 1 returned to normal. 28 days after the end of fixation the tissue temperature and venous outflow
returned to normal in series 2 animals with the first and the second types of hemodynamics, their blood flow
velocity decreased. As for the third type, the tissue temperature returned to normal, the venous outflow and the
blood flow velocity increased.

Conclusion. In case of primary fractures, the blood flow and the tissue temperature normalized by the end of
fixation. In case of refractures the changes persisted 1 month after the end of fixation.
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femopMHaMuKa M TemMnepartypa TKaHen B 061acTu cpaweHus
NepBUYHOrO U MOBTOPHOrO NEpeIoMOB AJIMHHbIX KOCTEN:
3KCNEepPUMEHT in vivo

A.A. Kocumos 2, N.IO. XomskaHoB !, H.A. KoHoHOBIMY 3

T PecnyOuKaHcKuUti cneyuanu3uposantblii HayuHo-npakmuueckuii MeOUYUHCKUL YeHmp mpasmamoiozuu u
opmoneduu MuH3dpasa Pecnybnuku Y36ekucmad, 2. Tawkenm, Pecnybnuka Y36eKucmat

2 Tawkenmckas meduyurckasa akademus Munzdpaea Pecnyonuxu Y3bekucmat, 2. Tauikenm, Pecnybnuka
Y36exucman

S@IBY «HauuoHanbHblli MeOUYUHCKUT UCCe008amenbCKUll yeHmp mpasmamosozuu u opmoneouu
um. akao. I A. Unusaposa» Mun3dpasa Poccuu, 2. KypzaH, Poccus

AKmyanbHOCmMb. ATeKBaTHOE KpOBOOOpallleHe B TKAHIX IIPU CpallleHUY IepeioMOB SBJIsieTcs GakTOpPOM J0-
CTUSKEHMSI TIOJIOXKUTEIbHBIX Pe3yIbTaTOB JieueHus.

Llensuccnedosanus —BoKCIIEPUMEHTE iNVIVOU3YUIUTOCOOEHHOCTUTEMITEPATYPHOI peaKIMMMKPOBOOGpaIeH s
B 06J1aCTM CpallleHysI IEPBUYHOTO ¥ [IOBTOPHOT'O MIEPEIOMOB 60JbIIIe6ePIIOBOI KOCTH.

Mamepuan u memodst. KppicaM MOIeIMPOBaIN IepeaoM 60/bl1e6epiioBoil KOCTH, 3a(UKCUPOBAHHBIA Ha-
PY’KHOJ KOHCTpyKIiMeii. B 1-i1 cepum (n = 13) pukcaumio mpomosskanu o cpaiienus. Bo 2-it cepun (n = 18)
yepes 21 cyT. MogenupoBany pedpakTypy 4 HOBTOPHO GuKcUpoBanu. Msyuaanu KpoBoobpalieHue 1 TeMrie-
paTypy TKaHel B IpoeKI[Mu IiepejiomMa B HopMe; uepes 21 1 35 cyT. mociie repenoma 1 peppakTypsl; uepes 28
CYT. TIOCJIe TIpeKpalieHus purcaimn.

Pesynbmamel. TemiiepaTypa 1 KpoBooGpaleHye ObIIM OMHOTUITHBIMU, HO Pa3HO CTEIIeH! BbhIPasKeHHOCTH.
BoisiBUIM ciefyoliye TUIBI peakiiuu: 1) TOHMKeHHbIE CKOPOCTbh KPOBOTOKA U TeMIlepaTypa TKaHelt, mpu-
3HAKM 3aTPyJHEHMSI BEHO3HOTO OTTOKA; 2) YCUJIeHHbI KPOBOTOK, HEM3MeHEeHHbI i BeHO3HbII OTTOK, ITIOHM-
>KeHHast TeMrepaTypa TKaHei; 3) He3HaUMTeNbHO CHUXEHHBI KPOBOTOK, YCMJIEHHbI BEHO3HbI OTTOK, He-
3HAUYMTE/IbHO TIOBbINIIEHHASI TeMIlepaTypa TKaHeli. K okoHuaHuio pukcauun (35 cyT.) B 1-i cepuu nmapameTpsbl
HOpMaJIn30Ba/nCh. Bo 2-i1 cepuu yepe3 28 cyT. mocje mnpekpaiieHus Gukcanmum y XMBOTHBIX C TEPBBIM U
BTOPBIM TUIIAMM peaKIMy TeMrepaTypa U BeHO3HbI OTTOK HOPMa/IM30Ba/IMCh, CKOPOCTb KPOBOTOKA CHMKA-
nack. [Ipu TpeTbeM TUIIE TeMIIEpATypa HOPMaanM30Baaach, BEHO3HBIN OTTOK YCUIUBAJICS, CKOPOCTh KPOBOTO-
Ka yBeJINYMUBaIach.

3axnrouenue. TIpu cpalieHMM IEPBUYHOTO IepesioMa KpoBooOpallleHye 1 TeMITepaTypa TKaHeil HOpMaIu30Ba-
JMCh K OKOHYaHMIO uKcalum, a ipu pedpakTypax dyepes Mecsll ITocjie mpekpaiieHus: Gukcay M3aMeHeHUs
COXPaHSIUCh.

KnioueBsble c1oBa: nepeyiom, pedbpakrypa, reMOAMHAMMKA, TEMITepaTypa TKaHei, SKCIIepUMeHTaTbHOe MCCIe-
IOBaHMeE.
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BACKGROUND

The problem of prevention and management of
long bone shaft refractures particularly among
pediatric patients appears relevant nowadays.
According to different authors, the frequency of
refractures varies from 0,4 to 21,3% of cases and
has no tendency to decrease [1, 2, 3]. The causes
of this pathological condition might be differ-
ent. The major of them are improper clinical and
laboratory patient examination, bone injury type
and localization, inaccurate bone fragments re-
duction, insufficient and incorrect immobiliza-
tion regardless of the chosen treatment tactics,
as well as big number of surgeries and reduction
procedures on the injured segment, systemic
skeletal disorders, osteomyelitis. Early end of im-
mobilization might also lead to refracture of the
united bone as the reparative osteogenesis has
not finished yet and the bone callus has insuf-
ficient mechanical load resistance.

Bone union signs are crucial to decide upon the
external fixation removal. Two standard X-rays
views (anteroposterior and lateral) are com-
monly taken in that case, and the union signs are
an uninterrupted cortical plate on three or four
sides in the area of consolidation [4, 5]. However,
some authors admit that standard X-rays do not
provide enough information [6, 7]. Therefore, the
scientists keep searching unexpensive and easy-
to-do non-invasive or minimally invasive evalua-
tion methods of quality of regenerated bone [8, 9,
10]. Blood flow evaluation methods of bone and
soft tissues seem to be rather promising, that is
pointed out by many researchers [11, 12, 13].

Many scientific publications mention blood
flow features of tissues at different stages of
bone union of primary fractures in both pediat-
ric and adult patients [14, 15, 16, 17]. However,
available data have no information on hemody-
namic changes in the consolidation process of
refractures occurred due to an early end of im-
mobilization. As a consequence, investigation of
hemodynamic changes and other corresponded
processes including temperature response in the
area of ongoing bone union of primary fractures
and refractures is of great scientific and clinical
significance.

Aim of study — to investigate during in vivo
experiment the features of temperature response
and blood flow in the area of bone union of tibial
primary fractures and refractures.

METHODS

Study design

36 rats of Wistar line of both sexes with the weight
from 306 to 506 grams were picked for our in vivo
experiment. In all cases the transverse osteotomy
was performed in the middle of diaphysis of the
right tibia. Bone fragments were fixed with uni-
lateral external fixator. All animals were random-
ly divided in two experimental groups after the
surgery. In series 1 (n = 13) after simulating the
primary fracture, the fixation was preserved until
the bone union that was registered clinically and
radiologically. In series 2 (n = 18) the refracture
of the damaged area was simulated by the appli-
cation of flexion forces to the bone fragments 21
days after the surgery, then the external fixation
was reapplied until the bone union [18].

Inclusion criteria. Clinically healthy ani-
mals at the age of 5-6 months were used in the
experiment.

Exclusion criteria. 5 animals in experimental
series 1 had refracture of the bone callus area in
the period through to 28 days after the registered
bone union and the end of external fixation. This
was regarded as an exclusion criterion, so these
cases were not taken into account in the analysis
of obtained results. Thus, the series 1 experiment
included 13 out of 18 animals that underwent the
surgery.

Experiment conditions

All animals were managed in individual cages
in vivarium. Identical light and temperature
conditions were provided in the room. Identical
nutritionally balanced feed and clean drinking
water were used in the diet. One and the same re-
searcher performed physiological examinations
in a specially equipped room.

Duration of study

Blood flow and local temperature in the bone
injury area were evaluated to achieve the aim of
study at the following stages: before experiment;
in 21 days of fixation after fracture simulation
and osteosynthesis in series 1 and 2; in 35 days of
fixation after fracture simulation and osteosyn-
thesis in series 1; in 35 days of fixation after re-
fracture simulation and osteosynthesis in series
2;in 28 days after bone union and end of external
fixation in series 1 and 2.
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Physiologic examination procedures,
main study results and registration
methods

Examinations were performed using rheograph-
polyanalyser RGPA-6/12 “Rean-Poly” (SPCF
“Medicom MTD”, Russia) and accessories com-
ing with it. Animals were anesthetized by intra-
muscular injections of Zoletil at the dose of 2-5
mg/100 g. After that the fur on the medial side of
experimental segment was cut out with scissors
avoiding skin damage. The DT-3 contact tem-
perature sensor was installed in the projection of
the fracture to record local temperature (T, °C).
Thermometry was performed for 3 min. Then the
photoplethysmography (PPG) of the same area
was carried out for 1 min using the PPG-2 detec-
tor (superficial). Vasomotor reactions of large,
medium and small arteries were evaluated by the
changes of the maximum speed of rapid blood
filling (MSRBF, ohm per second) and the aver-
age speed of slow blood filling (ASSBF, ohm per
second). Venous outflow index (VOI, %) chang-
es were analyzed to assess the venous outflow.
Values of studied parameters acquired before the
experiment and gathered from 15 intact animals
were used as references.

Additional study results their
registration methods

Heart rate (HR) was additionally registered at the
examination stages by recording electrocardio-
gramm with the same equipment. Overall body
temperature (To) was taken using digital ther-
mometer. The presence of soft tissues pathologic
changes in the fracture area (exudative inflam-
mation, hematoma etc.) was visually noticed dur-
ing the examinations.

Statistical analysis

Statistical analysis of quantitative data was per-
formed with the use of AtteStat 13.1 software
(Russia). Population of quantitative data was de-
scribed by the median value (Me) and lower and
upper quartiles (Q1-Q3). Statistical significance
of differences was evaluated using Wilcoxon test
for paired and independent samples. Differences
were considered statistically significant at the
p<0.05 significance level.

RESULTS
Main study results

There were no cases of animal death during the
whole experiment. Reference ranges for experi-
mental variables were the following: T — 31,1
(30,48-31,81) °C, MSRBF — 2,3 (1,76-2,55) ohm
per second, ASSBF — 0,88 (0,54-1,49) ohm per
second, VOI — 56,73 (53,4-65,0) %.

Results obtained during the local tissue tem-
perature recording and PPG revealed different
dynamics of changes of experimental variables in
the period of external fixation.

21 days after the surgery 38,7% (n = 12) of
examined animals had statistically significant
T decrease by 1,11°C (p = 0,02) comparing to pre-
operative values. MSRBF and ASSBF parameters
decreased by 75,77% (p = 0,003) and 79,76% (p
= 0,03) respectively. Among the cases with such
dynamics (hereinafter — animals «T| MSRBF|
ASSBFHa |», in figures «Type |||») 50% of ani-
mals were included in the experimental series 1
and 50% - in the series 2. These experiments re-
corded VOI increase by more than 20% (p = 0,01).

Other series of experiments (38,7%;
n = 12) recorded significant T decrease by 1,77°C
(p = 0,0006). At the same time MSRBF and ASSBF
increased 2,97-fold (p = 0,006) and 2,96-fold
(p=0,01) respectively (hereinafter — animals «T
MSRBF?1 ASSBF1», in figures «Type |11»). 33,3%
(n=4) of cases were included in the experimental
series 1,66,7% (n = 8) - in the series 2. These ani-
mals had no venous outflow disorder, their VOI
values corresponded to normal, although were
insignificantly higher in the series 2 than preop-
erative ones (p = 0,03).

22,6% (n = 7) of animals had insignificant
T increase by 0,32+0,20°C (p = 0,56) on average.
However, MSRBF and ASSBF had statistically sig-
nificant decrease by 29,82% (p =0,02) and 10,07%
(p =0,02) respectively. 42,9% (n = 3) of cases were
included in the experimental series 1, 57,1%
(n=4) - in the series 2 (hereinafter — animals «T?
MSRBF| ASSBF|», in figures «Type 1||»). These
animals had a weak tendency for venous outflow
increase during all experiments. That was marked
by the VOI decrease comparing to preoperative
values (p = 0,03). Thus, there were no statistically
significant difference of this parameter from the
norm (p = 0,08).
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T parameter in animals with «T| MSRBF|
ASSBFHa |» increased by 0,48°C in the experi-
mental series 1 by the end of external fixation
(35 days after the surgery) comparing to previous
experimental period. Its values varied within the
lower limit of physiological range. MSRBF and
ASSBF parameters increased comparing to previ-
ous experimental period and reached normal val-
ues. Meanwhile, the VOI parameter decreased a
little. Its difference from preoperative and intact
values was not statistically significant.

As for experimental series 2, the T parameter
increased and became physiologically normal
(p = 0,06) 35 days after refracture simulation and
osteosynthesis. Although the VOI parameter cor-
responded to intact values, it still did increase by
11% compared to preoperative values. That was
considered as a mild venous outflow difficulty.
MSRBF and ASSBF continued decreasing, their
values dropped off by 88,80% (p = 0,002) and
82,14% (p = 0,004) respectively.

The values of arteries vasomotor reactions
parameters (T, MSRBF and MSSBF) also returned
to normal in series 1 animals with «T| MSFBF1
ASSBF1» changes. Signs of venous outflow in-
crease were identified. It was confirmed by sta-
tistically significant VOI decrease compared to
both preoperative (p = 0,03) and previous experi-
mental stage values (p = 0,02). T values in series
2 animals with «T| MSRBF1 ASSBF1» changes in-
creased by more than 0,5°C (p = 0,05) comparing
to normal and more than 2,0°C (p = 0,04) com-
paring to previous experimental stage. MSRBF
decreased but kept being 1,4-fold (p = 0,04) in-
creased compared to normal. ASSBF decreased
and varied its values within the upper limit of

physiological range (p = 0,3). At the same time
the VOI parameter returned to normal.

Values of all studied parameters in series 1
animals with «T1 MSRBF |ASSBF |» changes cor-
responded to preoperative and normal ones and
were obtained by investigating intact animals.
Series 2 parameters increased comparing to
preoperative values. The T parameter increased
by more than 1°C (p = 0,03), MSRBF — 3,8-fold
(p=0,001), ASSBF — 2,1-fold (p = 0,001). VOI re-
mained the same.

Figures 1-4 show all dynamic changes of lo-
cal temperature and cover tissues as well as ar-
teries vasomotor reactions and venous outflow
parameters at the stage of external fixation of
damaged bone.

Regardless of the blood flow type, the studied
parameters in series 1 animals varied their values
within the physiological range during all experi-
ments 28 days after the end of external fixation.

T and VOI parameters in series 2 animals with
«T| MSRBF| ASSBF|» and «T| MSRBF1 ASSBF1»
changes usually had no statistically significant
difference comparing to normal values (p = 0,4
and p = 0,6 respectively) 28 days after the end of
external fixation. Other parameters decreased
significantly compared to the norm (more than
3-fold, p=0,001). During that period the T param-
eters in «T1 MSRBF| ASSBF |» animals decreased
by 0,95°C (p = 0,04) comparing to the previous
experimental stage and did not significantly dif-
fer from the norm (p = 0,3). MSRBF and ASSBF
increased 1,5-fold comparing to the values ob-
tained at the end of external fixation (p = 0,002).
The VOI values were 24,6% (p = 0,009) lower than
physiologically normal and preoperative ones.
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Additional study results

In the course of experiments all animals had no
pathological changes in soft tissues in the area of
simulated fracture. There were also no statisti-
cally significant changes in heart rate and overall
body temperature at different experimental stag-
es comparing to preoperative values. No statis-
tically significant difference of these parameters
was registered at all experimental stages and be-
tween series (Tab. 1).

DISCUSSION

Temperature and blood flow hypo- or hyperki-
netic changes during the bone union of primary
fractures or refractures (due to an early end of
fixation) of lower-leg bones diaphysis were rath-
er similar but had varying intensity. The dynam-
ics of the primary fracture union being quite the
same, the blood flow and the temperature nor-
malized 1 month after the end of fixation. At the
same time the consolidation of refracture was
associated with prominent vasomotor reaction
changes that persisted 1 month after the end of
fixation.

It is acknowledged that recovery of peripher-
al circulation and its intensity represent one of
the main factors that influence the remodeling
process after bone and soft tissues injuries [19,

20]. Nowadays, non-invasive diagnostic methods
based on near infrared optical systems are most
commonly used to evaluate the tissue perfu-
sion in the bone union area. PPG is considered
the cheapest and easiest to use [21, 22]. Optical
wavelength from 470 nm and longer enables to
reach the human derma that is equivalent to 0.5-
6.0 mm of tissue depth. The sensor pressed down,
the PPG signal is enhanced, so the optical wave is
able to reach the deeper layers including deep-
seated vessels [23].

The PPG method was also used in the experi-
mental research to study the hemodynamics
under created conditions. As a result, it became
clear that similar but intensively different blood
circulation changes may occur during the bone
union of primary fractures or refractures of low-
er-leg bones diaphysis under external fixation.
As for the hemodynamic process, it may be of
hypo- or hyperkinetic nature.

33% of cases shew up venous outflow changes
comparing to preoperative values 21 days af-
ter the fracture simulation and osteosynthesis.
Nevertheless, these changes had no statistically
significant difference from the physiological
norm. At the same time vasodilatation of arter-
ies of different sizes prevailed, that was demon-
strated by the blood inflow velocity decrease by
more than 70%. That fact explained the tempera-

Table 1
Dynamics of changes in heart rate and total body temperature,
Me (Q1-Q3)
Stages of the experiment
Serial }
number Before the experience Fixation 21 days Fixation 35 days 28 dag;_\f\if;[hout
Heart rate, beats/min
1 (n=13) 294 (246.5-325.0) 264 (256-308) 304.5 (251.5-327.0) 278 (257.5-299,0)
2 (n=18) | 291 (254.5-331.0) 276.5 (245-322) 302 (290.5-332.0) 276.5 (238-322)
Ttotal., °C
1 (n=13) 34.3 (33.9-34.9) 34.74 (34.0-34.9) 35.0 (34.2-35.5) 34.52 (34.1-34.8)
2 (n=18) |34.7 (34.0-35.4) 34.8 (34.3-35.3) 34.97 (34.1-35.7) 34.9 (34.7-35.3)

In relation to the preoperative values and at different stages between the series, the significance level of differences

is p>0.05
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ture decrease of cover tissues in the damaged
area. Such circulation dynamics allowed to re-
store the arteries vasomotor properties and tis-
sue temperature by the end of external fixation
in case of primary fractures. The venous outflow
also normalized. There were no blood circulation
changes in the bone union area afterwards. The
animals with simulated refracture restored the
tissue temperature response by the time of con-
solidation. Nevertheless, the blood flow velocity
continued decreasing and the venous outflow be-
came a bit restricted. External fixation ended up,
the blood circulation in the fracture area did not
manage to be restored by the end of experiment.

There is information that the blood circulation
in the damaged area increases in children with
long bone fractures 7-14 days after osteosyn-
thesis and normalizes in the bone union period
[14, 15]. The same hyperkinetic circulation type
was recorded in more than 30% of experimental
cases. Thus, the blood flow velocity increased
significantly in the bone union area 21 days af-
ter fixation. The venous outflow was in those
cases sufficient. It appears that the blood filling
speed-up was caused by hypertonic vessel walls.
During that period the arteries vasoconstriction,
especially of small ones, led to the temperature
decrease of cover tissues by more than 1,5° C.

Such dynamics enabled to increase the venous
outflow and normalize the arteries vasomotor
properties and the tissue temperature as soon
as mechanically strong bone union was formed
after the primary fracture. As for the cases of re-
fracture consolidation, the vasoconstriction level
of large vessels increased while the small arteries
tonus normalized. That increased the blood flow
to the damaged area. As a result, the tissue tem-
perature increased and the venous outflow nor-
malized, both persisting after the end of fixation.
However, the tonus of arteries walls decreased
significantly, as evidenced by the fact that the
blood filling velocity decreased.

22% of animals had the circulation type 3
that was registered 21 days after the fracture
simulation and osteosynthesis. These cases were
characterized by the mild arteries vasodilata-
tion along with the venous hyperoutflow. Such
dynamical changes concerning vessel function-
ing led to the mild tissue temperature increase,

so that all the parameters normalized by the
time of the primary fracture consolidation and
did not change afterwards. By the end of exter-
nal fixation in case of refracture consolidations
there was a sharp vessel tonus increase with the
blood filling speed-up. The cover tissue tempera-
ture increased as well. After the end of fixation,
the arteries were in a state of vasoconstriction
while the venous outflow increased even more.
All these circumstances caused the tissue blood
filling deterioration and consequently led to its
temperature decrease.

Other authors also reported different variants
of blood circulation while treating patients with
low or upper limbs injuries [16, 24, 25]. Some of
researches mainly observed the blood inflow in-
crease to the limb tissues when managing frac-
tures by the use of various methods [26, 27].
Other researchers mentioned the blood inflow
decrease [17, 28, 29].

All experimental animals had no refractures af-
ter the end of external fixation (except the cases that
corresponded to exclusion criteria). That attests to
the fact that all 3 types of hemodynamic changes
and tissue temperature reactions in the damaged
area can be considered as positive criteria of osteo-
genesis process after primary fractures and refrac-
tures caused by an early end of immobilization. The
clinical value of our findings is determined by the
fact that they can be used to predict the reparative
osteogenesis process when managing long bone
fractures particularly via external fixation.

CONCLUSION

Hypo- or hyperkinetic changes of blood circula-
tion during the bone union of primary fractures
or refractures (due to an early end of fixation) of
lower leg bones diaphysis are rather similar but
have varying intensity.

Local hemodynamics changes may be favora-
ble prognostic criteria of reparative osteogen-
esis process. These changes can be represented
by blood flow velocity decrease associated with
tissue hypothermia and signs of venous outflow
difficulties, blood flow velocity increase with lo-
cal hypothermia and preserved venous outflow,
insignificant blood flow deceleration, local tissue
hyperthermia and venous outflow increase.
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In case of primary fracture consolidation,
the blood circulation and tissue temperature
response in the area of bone callus restore dur-
ing the bone union. Consolidation of refractures
is accompanied by more significant changes of
these variables and they do not restore 1 months
after the end of fixation.
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