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Background: The aim of this study was to investigate the effects of various ratios of hemodilution on the survival of McFarlane’s
skin flaps.
Material/Methods: An experimental study was performed on 42 adult male Wistar rats (weighing 260 to 305 g) allocated to a
control group without any volume loss and to 6 study groups with hemodilution ratios of 5%, 10%, 15%, 20%,
25%, and 30%. In all subjects, random-pattern McFarlane’s skin flaps were uniformly elevated and re-sutured
to the donor sites. The amount of necrosis was evaluated on the 7" day postoperatively and compared among
the groups.

Results: The amounts of flap necrosis in the groups with 5%, 10%, 15%, and 20% hemodilution ratios were significant-
ly lower than that of the control group (p<0.001). In the 25% and 30% hemodilution groups, although there
was less necrosis than in the control group, the differences were not statistically significant. Hematocrit levels,
which initially decreased in conjunction with the hemodilution ratios, returned to normal levels on the 7t" day
after the operation.

Conclusions: Our results indicated that 20% or less of the total blood volume loss that may be compensated by the normo-
volemic hemodilution with dextran can improve flap survival.
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Background

The delivery of oxygen to tissues is the most critical determi-
nant on survival of flaps, and regulation of microcirculation
must be accomplished based on local requirements [1]. Recent
publications have focused on improvements of the therapeu-
tic modalities for facilitation of perfusion and oxygenation of
ischemic flap tissue [2-4].

Theoretically, increasing the blood flow using vasodilatation
can be useful to improve oxygenation. In this aim, antagoniz-
ing the sympathetic adrenergic system, which is effective for
regulation of cutaneous blood flow, can be considered. On the
other hand, the depressive effect of the systemic vasodilators
on arterial blood pressure may consequently lead to a dimi-
nution of flap perfusion [5]. To achieve a beneficial effect, va-
sodilatation should be confined to the target tissue. However,
further evidence is necessary to prove that blockade of sym-
pathetic perfusion improves flap perfusion.

Decreasing the vascular resistance through diminishing blood
viscosity by exchanging blood with crystalloid or colloid solu-
tions is another way to facilitate the blood flow and microcircu-
lation [6]. This objective can be accomplished by hemodilution,
which has been utilized in the treatment of various ischemic
diseases [7,8]. Hemodilution may also have beneficial effects on
skin flap survival, and normovolemic hemodilution after the re-
placement of surgical blood losses with crystalloid and/or colloid
solutions has been reported to support the flap circulation [9,10].

In clinical practice, decrease in hematocrit levels below 30% is
accepted as an indication for transfusion of red blood cells be-
cause the compromise of oxygen carriers from excessive he-
modilution may result in hypoxic damage in tissues vulner-
able to ischemia after trauma and surgery [7]. Hemodilution
can be compensated for by the increased peripheral blood flow
that supports the tolerance of lower hematocrit levels, dimin-
ishing the risk of infection with blood-borne diseases [11,12].
Failure of the free flaps has been mostly associated with ve-
nous and global ischemia, while in random-pattern flaps,
factors influencing distal ischemia are more important [13].
Elucidation of the biochemical basis of cellular injury and oxi-
dative stress provided better insights into the physiology and
survival of flaps. Research is needed to elucidate the impacts
of the dynamic parameters of circulation, such as hypovolemia
or hemodilution, on flap survival. In previous studies, the out-
comes of different plasma expanders used for normovolemic
hemodilution were compared. Erni et al. [7] reported better re-
sults in ischemic tissue oxygen tension with 6% dextran com-
pared with the 8% human serum albumin. In a clinical study
with 40 adult patients who underwent moderate hemodilu-
tion to a target hemoglobin level of 9 gm/dL, 4 replacement
fluids — Ringer’s lactate, 5% albumin, 6% dextran 70, or 6%
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hetastarch — were used in different groups. In that study, al-
though acute normovolemic hemodilution was well-tolerated
irrespective of the replacement fluid used, hetastarch or dex-
tran as the replacement fluid was associated with a more sta-
ble mean arterial pressure [14], but the data are limited, es-
pecially regarding the effects of different hemodilution ratios
on survival of skin flaps.

The aim of the present study was to assess the impacts of

different ratios of normovolemic hemodilution on the surviv-
al of random-pattern skin flaps in an experimental rat model.

Material and Methods

Study design

This experimental trial was performed in the Experimental
Animal Laboratory of our institution after approval by the local
Animal Subject Committee. All experimental procedures were
carried out according to the National Institutes of Health (NIH)
guidelines and the ethical standards laid down in the 1964
Declaration of Helsinki and its later amendments for the care
and use of laboratory animals. A total of 42 adult, male, albi-
no Wistar rats (weighing 260 g to 305 g) allocated in 7 groups
were used. Six rats served as the control group (Group 1) with-
out any blood volume loss, while the remaining 36 subjects
were randomly distributed to 6 groups (n = 6 for each group)
with various ratios of hemodilution.

All animals were maintained in plastic rodent cages under con-
trolled conditions of light (12-h day/night cycle), temperature
(21£2°C), and humidity (50-60%). Access to food (commer-
cially available rodent pellets) and water was allowed ad libi-
tum. Body weights of all animals were recorded in the preop-
erative period, and all surgical procedures were carried out by
the same surgeon (CYD).

Surgical procedure

Anesthesia was induced by the intraperitoneal injection of ket-
amine HCl (100 mg/kg body weight) and Xylazine (5 mg/kg
body weight). Following the fixation of the animal on a surgi-
cal table, the femoral vein of the rat was identified, dissect-
ed, and catheterized with a thin cannula. Before the interven-
tion, the average blood volume of every rat was estimated as
54-70 ml/kg (mean: 60 ml/kg). In the 6 experimental normo-
volemic hemodilution groups, 5%, 10%, 15%, 20%, 25%, or
30% of the calculated blood volume was withdrawn through
the cannula in the femoral veins. The control group, without
any volume loss, is referred to as Group I, while the experi-
mental groups with the loss of 5%, 10%, 15%, 20%, 25%, or
30% of volume are referred to as Groups II-VII, respectively.
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Figure 1. (A—C) Preparation of caudal-based McFarlane dorsal skin flap in rat model.

Table 1. Descriptive statistics and comparison results for the sizes of necrotic areas (mm?) in experimental groups with various

haemodilution ratio groups.

Haemodilution ratio (%)

Size of necrotic area (mm?)

1283.33+29.17a*

627.33+£110.97b

613.33+37.03b

651.676+29.80b 0.01

613.33+37.39b

1190.00+101.06a

| 0
o s
"""" w10
"""" v o s
"""" v o 20
"""" oo s
""" w3

1208.33+48.39a

# Different lower cases represent statistically significant differences.

Dextran-70 isotonic saline (Macrodex®) was administered at a
maximum daily dose of 20 ml/kg to replace the loss of blood
volume. For instance, a rat weighing 300 g that lost 5% of its
total blood volume received 0.9 ml of dextran-70 isotonic sa-
line, whereas in another rat with the same body weight, 30%
of blood volume was exchanged with 5.4 ml of dextran-70 iso-
tonic saline through the femoral vein. The site of incision for
access to the femoral vein was sutured.

Before the surgical procedure, blood samples were collect-
ed from the tail veins and centrifuged for 30 min at 3000
rpm. After shaving and epilating the dorsal skin, this surgi-
cal field was cleansed with povidone iodine. As described
by McFarlane et al,, a caudal-based random skin flap (with a
width of 3 cm and length of 9 cm) was elevated from the dor-
sal skin [15] (Figure 1).

Outcome parameters
Estimation of hematocrit

Blood samples were collected from the tail veins of the rats for
estimation of the hematocrit on the 2" hour, and on the 1%,
31 and 7t days after the surgical procedure. Heparin-washed
microtubes were utilized for the measurement of hematocrit
levels (Hct, Readcrit Centrifuge, Clay Adams Division of Becton,
Dickinson, Parsippany, NJ, USA).

Assessment of necrotic areas in skin flaps
All experimental animals were evaluated for the necrotic ar-

eas of skin flaps on the 7t" day postoperatively (Table 1). The
necrotic areas in Groups I-VIl are shown in Figure 2. Acetate
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Figure 2. The amount of flap necrosis in (A). Group I, (B). Group I, (C). Group IlI, (D). Group IV, (E). Group V, (F). Group VI, and (G).

Group VII.

templates designed in the same dimensions with the flap were
used for marking the necrosis. The ratio of necrosis in skin
flaps was measured by the paper template method suggest-
ed by Sasaki [16]. The surface of necrotic areas was counted
on millimeter graph papers and was calculated in mm?2. After
measurements were performed and biopsies were obtained
from the transitional zone of necrosis area, the animals were
sacrificed using an overdose of KCl solution.

Histopathological examination

Biopsies were obtained from the transitional zones of necrot-
ic areas on the dorsal skin flap, and these specimens were
preserved in 10% neutral buffered formalin. Sections with a
thickness of 7 mm were taken in parallel to the skin surface
and stained with hematoxylin and eosin. Epidermal necrosis
was evaluated under light microscopy, which was evident in
all biopsy samples.

Statistical analysis

Analysis of data was performed using Statistical Package for
Social Sciences program version 17.0 (SPSS Inc., Chicago, IL,
USA). Descriptive statistics for the studied variables (char-
acteristics) are presented as mean and standard deviation.
The Kruskal-Wallis test was performed to compare groups.
The Friedman test was also performed to compare periods.
Spearman correlation coefficients were calculated to deter-
mine relationships between hematocrit levels and necrotic ar-
eas in each group and period. The statistical significance lev-
el was set at 5%.

Results

Comparison of the flap necrosis areas in the control group and
6 experimental groups with different ratios of hemodilution is
presented in Table 1. The necrotic surfaces in Groups I-VII were
1283.33+29.17, 627.33£110.97, 613.334£37.03, 651.676+29.8,

613.33+37.39, 1190+101.06, and 1208.33+48.39 mm?, re-
spectively. There were no statistically significant differences
between the control group and Groups VI (p=0.248) and VI
(p=0.163) regarding the necrotic area. The sizes of necrotic ar-
eas were similar in Groups I, Ill, IV, and V without any signif-
icant differences and, notably, they were significantly lower
compared with the control group. The necrotic areas in Groups
[I-V were also significantly lower than those of the Groups VI
and VIl (p=0.003).

The hematocrite levels of all 7 groups are summarized in
Table 2. An obvious diminution was evident in the hematocrit
value at the 2" hour and on 1°t day, and this decrease was asso-
ciated with an increase in the ratio of hemodilution. Compared
with Group |, hematocrit values on the 3 day were remarkably
lower in Groups Il to VII (p<0.001). Regarding hematocrit val-
ues on the 3 day and 7t day, there was a notable difference
in Groups VI and VIl compared with the Groups II, Ill, IV, and
V. In all groups, the lowest hematocrit levels were obtained
on the 3 day of study, which was improved on the 7*" day.

We also investigated the correlation between the hematocrit
levels and the sizes of necrotic areas in every group, and we
did not find any statistically significant correlation at any time
interval in any groups (Table 3).

Discussion

The aim of this study was to evaluate the impacts of different
ratios of normovolemic hemodilution on the survival of ran-
dom-pattern skin flaps in an experimental rat model, and we
determined that use of normovolemic hemodilution for com-
pensation of loss of less than 20% of total blood volume ex-
hibits favorable effects on the survival of skin flaps. However,
in conditions of the blood loss exceeding 20% of total vol-
ume, beneficial effects of hemodilution were not detected.
Moreover, normovolemic hemodilution was also well-tolerated
in all groups, and on the 7t day of the experiment, hematocrit
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Table 2. Descriptive statistics and comparison result for Hematocrit levels of study groups measured at various time intervals.

Hematocrit level (%)

Postoperative Postoperative Postoperative Postoperative
2" hour 1t day 31 day 7t day
| 54.33+0.21aA 48.33+0.21aB 42.00+£0.52aD 41.00+0.77aE 43.00+0.26bC 0.01
o 52331056bA  4500:026b8  3600:093D 3367+092bE 4100£045dC 001
T 5300:068bA  4133:080C 3833:0426D 323310766 4433504228 001
W ss00:026aA 3433s061C 3233:021dD  3400:0376C 4133104248 001
v 4867+158cA  3933+182dC 32335061dD  33.67:042bC 423310428 001
VI 5500504534 3800:0.52eC  30008026eF 3167:042dD0  39.00:026eB8 001
Wi sae7s021an 34671042C wers0fE 20005026eD  39.501043¢8 001
"""" » o1 oo  o;  o; o0

* a, b, ¢; L: Different lower cases in the same column represent statistically significant differences among the groups;
** A, B, C; —: Different upper cases in the same row represent statistically significant differences among the periods

Table 3. Spearman’s correlation coefficients between Necrotic area and Hematocrit levels in each group and period.

Groups

Preoperative

2" hour

Necrotic area vV -0.314 -0.314
v 031 0029
v 0486 ~0.600
Cow 0314 0714

Postoperative

Postoperative
1%t day

Postoperative
3 day

Postoperative
7t day

-0.371 0.143 —-0.486
"""""""" 0543 0029 008
""""""""" 0371 o -0200
""""""""" 0420 0371 0486

levels were much higher compared with the 15t and 3" days
after the hemodilution.

There have been few published reports on the association of
normovolemic hemodilution with flap survival. Schram et al. [10]
reported transiently improved oxygen tension and venous base
excess during hemodilution, and they reported the maximal ben-
efit to be expected at a hemoglobin concentration at or slight-
ly less than 9 g/dl. Amoroso et al. [13] reported that both nor-
movolemic and hypervolemic hemodilutions were effective in
providing better flap survival rates. It is very important to de-
termine the amount of blood volume withdrawn in normovole-
mic hemodilution because tissue oxygenation is important for
all viable cells. In another experimental study, Kanayama et al.
also determined that, after withdrawal of the 35% of blood vol-
ume, in the normovolemic hemodilution group flap survival was
better compared with the control (sham) and blood transfusion
groups. To the best of our knowledge, the present report is one
of the first studies comparing different hemodilution ratios.

Flap viability may be affected by many conditions; general risk
factors for the failure of flaps include extensive trauma, smok-
ing, age, and peripheral vascular disease. Due to the lack of
lymphatic drainage, compromise of innervations, and reduced
ability to reabsorb excessive interstitial fluid, there is an in-
creased risk of edema development for flaps, and the choice
of appropriate fluid to be administered is very important to
maintain intravascular volume and optimize blood flow and
oxygen transport. However, there is controversy on the ideal
perioperative fluid management: the replacement of intravas-
cular volume with physiologic crystalloid or colloid solutions
during microsurgery [17].

The delivery of oxygen to the tissues is associated with local
perfusion, arterial oxygen concentration, local oxygen consump-
tion, and the amount of oxygen carried in arterial blood [18].
Blood viscosity determines the perfusion of tissues during isch-
emia, and it is associated with hematocrit levels, the shape
of the erythrocytes, and tissue fibrinogen concentration [18].
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Diminution of blood viscosity using normovolemic hemodilution
enhances the blood flow, which will serve for compensation of
the decrease in the oxygen transport capacity of blood [18,19].
Thus, controlled hemodilution may be useful for facilitation of
healing in ischemic tissues after surgery [20,21]. It was clearly
shown that hemodilution reduces microcirculatory occlusion,
thus increasing microcirculatory blood flow.

Our results indicated that normovolemic hemodilution ratios
ranging from 5% to 20% were associated with better survival
of flaps. The use of dextran-70 was accompanied by a 25-50%
decrease in blood viscosity. We did not evaluate the blood vis-
cosity or oxygen tension at the tissue level, which is a limi-
tation of this study. However, a decrease in hematocrit levels
is linked with a decrease in blood viscosity. On the capillary
level, reduction of blood viscosity causes an acceleration of
erythrocyte velocity. Previous reports also demonstrated that
anemia did not necessarily lead to a delay in wound healing,
and normovolemic hemodilution has been successfully used
in treatment of ischemia [9,13,18]. Decrease in blood viscosi-
ty and total peripheral resistance resulted in increased stroke
volume and cardiac output, which consequently increases the
circulating blood volume [22]. It can be postulated that hemo-
dilution enhances the microcirculation by influencing the va-
somotor state at various hematocrit levels [18]. Based on this
hypothesis, we aimed to investigate the flap survival rates
at different hemodilution ratios, and we found better rates
at 5%, 10%, 15%, and 20% hemodilution ratios. In contrast,
better flap survival was not detected at hemodilution ratios
of 25% and 30%.

The compromise of blood flow causes an increase in blood
viscosity attributed to the aggregation of erythrocytes. This
effect becomes more prominent if hematocrit levels are in-
creased, whereas blood viscosity will be lower in the case of
decreased hematocrit levels, such as in the case of hemodilu-
tion. Therefore, the impact of hemodilution on tissue perfu-
sion will be more obvious with reduction of blood flow [23].
Our findings are consistent with this data, since hemodilution
ratios of 5%, 10%, 15%, and 20% were associated with less
necrotic areas in skin flaps. On the other hand, hemodilution
ratios of 25% and 30% resulted in adverse outcomes regard-
ing flap necrosis in our study.

The deformation of erythrocyte shape and concentration of
plasma fibrinogen are other determinants of blood viscosity.
These circumstances occur in cases of ischemia and acidosis,
and result in an elevated rate of erythrocyte aggregation [23].
Hemodilution can restore local blood flow and tissue oxy-
genation, which may subsequently reverse the pathological
changes in erythrocyte shape and acid-base balance [23]. In
the relevant literature, results similar to our data were report-
ed, showing that normovolemic hemodilution was associated
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with improved oxygen concentrations in both subcutaneous
tissue and random-pattern skin flaps [23].

The hematocrit values at the 2" hour after the procedure
seemed to decline in proportion to the amount of blood vol-
ume drawn and in parallel with higher ratios of hemodilution.
On the 7t day, the hematocrit values started to return to pre-
vious levels and differences between groups became less ap-
parent. Our data show that controlled hemodilution up to a
certain ratio improves flap survival and, after a cut-off point,
hemodilution did not exhibit any further beneficial effects, sug-
gesting therapeutic implications of improved skin flap surviv-
al by controlled hemodilution and involving ischemia. On the
other hand, unnecessary blood transfusions should be avoid-
ed unless hematocrit values fall below a critical threshold.
Otherwise, not only flap circulation may be adversely affect-
ed, but also risks such as dissemination of blood transfusion-
related diseases, anaphylaxis, or immunosuppression may also
occur [24]. In this perspective, replacement of blood volume
loss can be compensated for using hemodilution by plasma
volume-expander agents.

McFarlane flaps are frequently used for assessment of random-
pattern flaps. The vascular supply of skin in rats is directly pro-
vided by cutaneous vessels, while musculocutaneous perfora-
tor vessels fulfill this function in humans, who have fixed skin
structure [25,26]. No correlation has been previously report-
ed between rat sizes and flap necrosis [26]. We preferred cau-
dal-based dorsal flaps (Figure 1A-1C) in this study since they
were less likely to undergo flap necrosis [27].

Another recent study reported a strong correlation between
necrosis rate and hemodilution [28]. However, in the present
study, we did not find any correlation between the necrotic
area and the hematocrit levels at any time period.

The main strength of our study is the simultaneous investiga-
tion of the relationship between various hemodilution ratios
and skin flap necrosis. There are some limitations that should
be mentioned. First, due to the experimental design, the influ-
ence of neovascularization from the skin flap bed could not be
excluded. Secondly, blood viscosity or oxygen tension at the
tissue level or microcirculation were not evaluated directly or
indirectly. Instead, we analyzed the overall outcome as the ne-
crotic area. Finally, the impact of confounding environmental,
genetic, and metabolic factors may have influenced our results.

Conclusions

In conclusion, the loss of less than 20% of total blood volume
by normovolemic hemodilution with dextran may improve sur-
vival of skin flaps. If the amount of loss exceeds 20% of total
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blood volume, normovolemic hemodilution with dextran does
not have any beneficial effects on flap survival. In light of the
promising results determined in this experimental study, we
suggest that normovolemic hemodilution, with the loss of less
than 20% of total blood volume, may also improve flap surviv-
alin human patients. Larger prospective studies are warranted
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