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ABSTRACT. The current study aimed to select suitable remedies for
seawater immersion-complicated open-knee joint fracture by exploring
the effects of different treatment methods. Forty adult rabbits weighing
2.20 £ 0.25 kg were divided equally into internal fracture fixation
group (A), seawater-immersed group with primary internal fixation
(B), seawater-immersed group with secondary internal fixation (C), and
seawater-immersed group with external fixation (D), using the random-
digit table method. Open-femoral internal condylar fracture models
were established. Group A was left untreated for 2 h, whereas the other
three groups were subjected to seawater immersion for 2 h. Afterwards,
groups A and B underwent debridement and steel plate and screw
internal fixation. Group C underwent debridement and external fixation,
which was followed by secondary steel plate and screw internal fixation
after the wound healed. Group D underwent transarticular arthrodesis.
Wound infection, joint functional rehabilitation, and radiological and
histopathological changes in fracture healing in each group were
assessed. The results showed that delayed internal fixation effectively
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reduces the infection rate of seawater immersion-complicated open
fracture and benefits joint function rehabilitation.

Key words: Seawater immersion injury; Knee joint; Open fracture;
Fracture fixation; Rabbit

INTRODUCTION

Fracture complicated by seawater immersion is common in modern sea and landing
battles as well as sea activities (Smith, 1995; Gerding, 2002; von Bertele, 2007). The trau-
matic characteristics and early treatment of seawater immersion-complicated open fracture
have been preliminarily reported (Lin and Ruan, 2004; Yang et al., 2005). This condition has
a high infection rate and a high malformation rate of calluses at the broken ends; for long
bone fracture, external fixation effectively reduces the infection rate and enhances recovery
(Xue et al., 2008). However, considering that many bone fractures are accompanied by intra-
articular fracture or have broken ends located around the joint, transarticular external fixation
is necessary to achieve effective fixation (Wang et al., 2007). As such a treatment brings about
long-term inactivity of the joint, it may affect joint functional restoration (Stoquart et al., 2008;
van der Krogt et al., 2010). What influence will the external fixator bring about to the joint
during its use? Can delayed internal fixation reduce as much as possible the negative influence
of transarticular fixation on articular functions as well as the infection and death rates from
seawater immersion-complicated joint fracture? To solve these questions, we established rab-
bit open-knee joint fracture models and determined the effects of different fixation methods
on wound infection, restoration of joint function, and fracture healing after open-knee joint
fracture complicated by seawater immersion. The aim of this study was to provide a scientific
and reference basis for method selection in the treatment of this condition.

MATERIAL AND METHODS

Animals and grouping

Forty adult rabbits of either sex weighing 2.20 + 0.25 kg were supplied by the Experi-
mental Animal Center of the Research Institute of Surgery of Daping Hospital of the Third
Military Medical University. The animals were randomized into four groups with 10 in each.
They were subjected to open-knee joint fracture. Group A was the internal fracture fixation
control group. The animals were left untreated for 2 h and internal fracture fixation was then
performed. Group B constituted the seawater-immersed group with primary internal fixation.
The animals were subjected to seawater immersion for 2 h immediately after fracture, and
internal fracture fixation was then performed. Group C was the seawater-immersed group
with secondary internal fixation. The animals were subjected to seawater immersion for 2 h
immediately after open-knee joint fracture and then external splint fixation. After the wounds
healed, they underwent fracture dissection and plate and screw internal fixation. Group D was
the seawater-immersed group with external fixation. The animals were subjected to seawater
immersion for 2 h immediately after open-knee joint fracture, and external fixation was then
performed.
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This study was carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal
use protocol had been reviewed and approved by the Institutional Animal Care and Use Com-
mittee (IACUC) of the 180th Hospital of PLA.

Model establishment

After skin preparation, each animal was anesthetized via an ear marginal vein with
1.5% sodium pentobarbital at 1-2 mL/kg (Guangdong Bangmin Pharmaceutical Co., Ltd.,
China). A 2.5-cm long incision was made on the medial side of the right knee joint. Muscles
and ligaments were bluntly dissected to expose the knee joint and the inferior end of the femur.
The animal was fixed supine on a stand. A self-made vertical impact machine witha 1.5 x 1.2-
cm inverse L-shaped impact knife edge was utilized. The weight dropper of the machine was
lifted 50 cm high and then released for a free fall to collide with the knife holder. Models of
femoral medial condyle amputation and open fracture were established.

Group A did not receive any treatment. The animals in groups B, C, and D were fixed
on specially made rabbit frames, and then the frames were placed on plastic buckets (20 cm in
diameter and 25 in height) full of seawater to let the lower limbs of the animals be immersed.
Seawater temperature was controlled between 20° and 22°C using the water bath method.
Seawater was taken from the Quanzhou sea area of the Taiwan Strait, and had the following
key parameters: 26.518 g/L NaCl; 22.447 g/L MgCl ; 3.305 g/L MgSO,; 1.141 g/L CaCl,;
0.725g/L KCI; and 1250-1350 mOsm/L. All animals were subjected to debridement, fracture
reduction, and fracture fixation after 2 h.

Fracture fixation and postoperative handling

All animals were subjected to debridement and then fracture fixation. Degenerated
skin, muscles, joint capsules, adipose capsules, and periostea were removed until blood ooz-
ing. The wound was washed with 0.45% hypotonic physiological saline and then soaked with
povidone iodine for 5 min. Groups A and B underwent internal fracture fixation with plates
and drive screws (Jiangsu Kanghui, China). Primary closure was performed and aseptic dress-
ings were regularly changed. Group C received cylinder cast external fixation. The wound was
left open. Aseptic dressing and local windowing of the wound were performed. The dressing
was changed regularly. After the wound healed, fracture dissection and plate and drive screw
internal fixation were performed. Group D underwent transarticular external fixation, and
the wound was left open. Aseptic dressing, local windowing of the wound, regular dressing
changes, and secondary suture were performed.

After operation, the animals were caged separately. They were given 800,000 U sodi-
um benzylpenicillin (Northeast Pharmaceutical Group Shengyang No. 1 Pharmaceutical Co.,
Ltd., China), 5 mL 0.5% metronidazole injection (Binzhou Pharmaceutical Company, China),
and 5 mL 0.2% levofloxacin lactate and sodium chloride injection (BBCA Pharmaceutical,
China) by intravenous drip via the ear marginal vein twice per day for 5 successive days.

The dead animals within 7 days after operation were replaced. Redebridement, open-
wound dressing, and secondary suture were performed in animals with infection even 5 days
after anti-infective treatment. Anti-infective treatment with effective antibiotics was given for
meta-infective rescue. For the animals whose knee joint was movable, half an hour of passive
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joint exercise per day was applied after wound healing. The animals in all the groups were
observed for 4 weeks after operation and were then sacrificed using intravenous air injection.

Observation index

Wound healing time in each group was determined. The healing standard was as fol-
lows: the skin wound satisfactorily healed; it was dry, and scabs formed without red swelling,
exudation, or ischemic necrosis.

Infection rates and gradients

Infection rates and gradients were recorded. The evaluation standards were as follows:
1) slight infection: the skin displayed red swelling with tissue fluid exudation; 2) moderate
infection: ischemic necrosis and rupture of the wound as well as purulent liquid exudation
observed, but blood supply of the deep tissue normal; and 3) severe infection: skin wound
necrosis, exudation of a large volume of purulent liquid, and ischemia-caused deactivation and
degeneration of the deep tissue (knee joint scleron could be involved) observed.

Knee joint function restoration

Anterior and lateral X-rays of the affected tibia were performed at 0, 2 and 4 weeks to
observe fracture fixation and the healing of the broken ends of the fractured bone. The animals
were sacrificed using the intravenous air injection method after 4 weeks of observation follow-
ing the operation. Their knee joint and distal femur samples were taken, fixed, decalcified, and
then stained with hematoxylin and eosin. The granulation tissue, fibrous tissue, cartilage callus,
and hyperostosis between the broken ends of the fractured bone were observed under a light mi-
croscope and then pathologically graded on the basis of the following criteria: 1) grade 0: only
granulation tissue or fibrous tissue between the broken ends; 2) grade I: preliminary healing
with the main constituent being cartilage and a small amount of osseous calluses; 3) grade II:
good healing with cartilage and osseous calluses in equal quantities; and 4) grade III: osseous
healing with the primary constituent being osseous calluses and a small quantity of cartilage.

Statistical analysis

Data are reported as means + standard deviation. All data were analyzed using the
SPSS13.0 software. Paired #-tests and one-way ANOVA were performed for the measured data
of the limbs. Chi-square tests were used to compare infection rates, and nonparametric tests
were used to compare the pathological grades of tissue healing. Differences of P < 0.05 were
considered statistically significant and those of P < 0.01 as very significant.

RESULTS

General conditions

All animals ate and drank normally after operation, but these activities were some-
what limited due to knee joint fixation. After operation, all animals survived in group A, one
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died in group B, four died in group C, and one died in group D. All dead animals were replaced
within 7 days after the operation.

Wound healing and infection

Animals with infection received debridement, regular change of dressing, and antibi-
otic treatment immediately. By the end of the observation period, all infected animals in group
A healed, and three in group B, one in group C, and one in group D did not heal. Among the
healed animals, the mean healing time of group A was 4.90 £ 1.79 days, whereas that of groups
B, Cand D was 8.43 £2.44,7.50 £ 1.69, and 7.33 = 1.00 days, respectively. One-way ANOVA
showed F' = 6.577 and P = 0.002. The healing time of each seawater immersion group was
significantly longer than that of group A.

The infection rate of group A was 10%, that of group B was 60%, and that of groups
C and D was 20%. 2 x K table segmentation and paired comparisons showed that groups A, C,
and D were annexable. The chi-square value obtained was 7.064 and P value was 0.014 (P <
0.05). According to these results, group B was more likely exposed to infection than any other
group. The infection severity of each group is summarized in Table 1.

Table 1. Infections and healing in different groups.

Group Slight infection (N) Moderate infection (N) Severe infection (N)
A 1 0 0
B 1 2 3
C 0 2 0
D 1 1 0

Joint function rehabilitation

At the end of the observation period, the knee joint on the affected side was generally
larger than that on the healthy side. In groups B, C and D, the width of the affected knee joint
was far larger than that on the healthy side as well as that on the same side in group A (P <
0.01). The length of the affected knee joint was significantly shorter than that on the control
side (P < 0.01). The maximum streching angle of the affected knee joint was far smaller than
that on the healthy side (P < 0.01), as well as that on the same side in group A (P < 0.05). The
minimum flexible angle of the affected knee joint was smaller than that on the healthy side (P
< 0.05). In addition, the streching angle of group D (the external fixation group) was smaller
than that of groups B and C (P < 0.05). The minimum flexible angle of group D was smaller
than that of groups A and C but did not show a significant difference compared with that of
group B. Lower limb length and knee joint condition in each group are summarized in Table 2.

Radiological observation

Healing and infection at the broken ends were observed using consecutive anterior
and lateral X-rays after fracture. At 4 weeks after operation, no noticeable fracture line or
bone infection signs were observed in group A. In group B, three cases were observed with
noticeable osseous infection signs, which were manifested by nonhealing and sparse and hazy
sclerotin at the broken ends of the fractured bone. Bone resorption and osteonecrosis were ob-
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served at 4 weeks. In both groups C and D, one case was observed with a noticeable fracture
line but without apparent bone infection signs (Figure 1).

Table 2. Conditions of the lower limbs and knee joints in different groups 4 weeks after injury.

Group Width (cm) Length (cm) Extensible angle (°) Flexible angle (°)
Healthy side  Affected side  Healthy side  Affected side  Healthy side Affected side Healthy side Affected side
A 1.80+0.14 1.92+0.204 2747+ 1.55 26.60+1.604  169.80+4.13  162.8+9.4044 2124210 23.00+2.45
B 1.86+£0.46 2.62+0.5844%% 2795+ 1.57 25.65+2.8544 169.40+1.35 147.10+21.1044%* 21.20+3.766 30.10 +7.384
C 1.82+£0.41 2.56+0.4944%% 2825+ 131 26.40+2.0544 170.4£2.50 146.50 4 18.1544% 20.20+1.93 23.7+£3.2348
D 2124033 2.54+£03944%F 2794117 25.63+ 1.9444 172.00+2.58 129.30 + 15.8144%8% 2]1.40+£2.27  31.30+4.604 4%+

Data are reported as means + SD. 4P < 0.05 and #4P < 0.01 vs the healthy side; *P < 0.05 and **P < 0.01 vs group
A; 2P <0.05 and **P < 0.01 vs group B; *P < 0.05 and **P < 0.01 vs group C.

Figure 1. Radiological manifestations of the fractured knee joint 4 weeks after operation. A. Control group: the
fractured knee joint has healed. B. Primary internal fixation group: infection, osseous resorption, and noticeable
soft-tissue swelling occur. C. Delayed internal fixation group: the broken ends have healed. D. External fixation
group: the fractured bone has satisfactorily healed with calluses growing along the Kirschner wire.
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Pathological observation

General observation

The seawater immersion groups showed more noticeable early local soft-tissue wound
infection and much more exudate compared with the control group after operation. The infected
animals showed local swelling and upheaval masses. Some animals were observed with dross-
like exudates as well as bone exposure, destruction, and resorption at the broken ends, and some
were observed with dry necrosis of local skin and patellar ligaments. In contrast, the uninfected
animals did not exhibit noticeable abnormalities.

Light microscopy

According to the grading standards of fracture healing, eight animals demonstrated os-
seous healing with the other two showing good healing in group A, whereas no or poor healing
was observed in any other group. In group B, three animals did not heal (Figure 2).
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Figure 2. Histopathological manifestations of the fractured knee joint 4 weeks after operation. A. Control group:
osseous healing is observed at the fracture site with osseous calluses as the primary constituents (arrows). B. Primary
internal fixation group: unhealing is observed at the fracture site with fibrous tissues only growing at the bilateral
broken ends. C. Delayed internal fixation group: good healing is observed at the broken ends with cartilages and
fibrous tissues as the primary constituents. D. External fixation group: good fracture healing with osseous calluses,
cartilage calluses, fibrous tissues, and a large number of vessels is observed.
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The tissue healing grades of the survivors in this group are summarized in Table 3.
The differences in the healing levels between the groups were assessed using the nonparamet-
ric method in statistics, and the results showed that the healing rate of group B was noticeably
lower than that of group A (P <0.05), whereas no significant differences were observed between
groups A, C, and D (Table 4). After fracture infection, infiltration of a large quantity of inflamma-
tory cells into the marrow cavity and bone destruction and resorption were observed (Figure 3).

Table 3. Healing levels of the osseous tissue in different groups (N).

Group 0 1 11 1T
A 0 0 2 8
B 3 1 3 3
C 1 1 4 4
D 1 0 5 4
Table 4. Paired comparison of osseous tissue healing between groups.
Group Chi-square value P value
AvsB 5.885 0.015
AvsC 3.646 0.056
AvsD 3392 0.066
BvsC 0.762 0.383
BvsD 1.088 0.297
CvsD 0.042 0.837

Figure 3. Histopathological manifestations of the fractured knee joint 4 weeks after infection (100X). A. Large
quantity of inflammatory cells in the marrow cavity. B. Osseous destruction and resorption.

DISCUSSION

As sailing capacity and exploitation of marine resources develop in the world and
as various countries continuously reinforce their navy, the incidence rates of sea trauma and
seawater immersion-caused injury will definitely increase in the future. Particularly in coastal
military clashes and regional battles in the future, blast injuries will greatly increase in modern
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sea battles. Accordingly, chip-caused open fractures will occur much more frequently and the
number of soldiers with seawater immersion injury will greatly increase. Therefore, open-
bone fracture complicated by hypothermia and seawater immersion has become an urgent
issue of logistic support in sea battles. In this study, we observed the effects of different treat-
ment methods on wound infection, joint function rehabilitation, and fracture healing using
rabbit seawater immersion-complicated knee joint fracture models. The curative effects were
statistically analyzed and evaluated.

Seawater is characterized by high permeability, high sodium, high alkali, and hypo-
thermia. It has an osmolarity 43 times that of human plasma, its sodium ion content is thrice
that of human plasma, and its pH is alkaline. Generally, the temperature of seawater is below
20°C, with the exception of tropical areas, which is much lower than normal human body tem-
perature. Highly permeable, alkaline seawater can cause an increase in the local osmolarity of
an open fracture, intracellular dehydration, and tissue space edema, directly stimulating histi-
ocytes in the injured area to release inflammatory mediators such as IL-8, TNF and NO, rein-
force lipid peroxidation, inhibit the activity of plasmalemmal Na-K-ATPase, inhibit clotting
mechanisms, and aggravate the hemorrhage of small vessels in injured tissues. Meanwhile,
these effects dilate vessels, which aggravates tissue edema and further reduces peripheral per-
fusion. After water seepage, peripheral perfusion improves, but reperfusion injury may occur,
thereby leading to cardiovascular system injury (Lu et al., 2006). As heat loss in water is 3-fold
higher than in air at the same temperature, local wound soaking with seawater below human
body temperature also exacerbates tissue energy metabolism disorders (Stoquart et al., 2008).
This series of local and systemic pathophysiological reactions are detrimental to fracture heal-
ing, which is manifested by slow endochondral ossification, an increased undesirable rate, and
weakened healed fractured bone intensity (Yang et al., 2005). In this study, osseous calluses
were the primary form between the broken ends of the fractured bone in group A, whereas
granulation, fibrous, and cartilaginous tissues were the primary forms in the seawater immer-
sion groups. The healing effect in group B was noticeably worse than in group A. Although the
healing level in groups C and D was lower than that in group A, no significant differences were
observed. Therefore, seawater immersion decreased the quality of fracture healing, which was
even more apparent in primary steel plate internal fixation. These results indicate that seawa-
ter immersion has a serious impact on fracture healing, which is in complete accordance with
those reported by other authors as well as what was expected by us.

Abundant bacteria exist in seawater, with about 100,000 bacteria per milliliter. Among
these bacteria, Vibrio vulnificus is a particular species that tends to cause wound infection (Ti-
kuisis, 1997). Furthermore, the composite physicochemical factors of seawater aggravate an
open fracture and potentiate local inflammatory reactions, which promotes the proliferation of
pathogenic bacteria (Reed et al., 1999). In this study, group B showed a significantly higher
infection rate compared to group A, although both groups received the same primary internal
fixation and the same postoperative treatment procedure. This result indicates that seawater
immersion increases the infection rate after knee joint fracture and that seawater immersion
has a significant influence on the development of infection after knee joint fracture (Ma et al.,
2004, 2006; Hao et al., 2004, 2008). Furthermore, for knee joint fracture complicated by open
fracture of the distal end of the femur, group B showed a significantly higher infection rate
than did groups C and D. Although both group C and group D showed a higher infection rate
compared to the control group, the differences were not significant. Therefore, it is reasonably
presumed that steel plate internal fixation + primary wound closure is not suitable for knee
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joint fracture and open fracture of the distal end of the femur complicated by seawater im-
mersion, which tends to result in infection. The 3 days after seawater immersion-complicated
open fracture is the fast bacterial proliferation period. During this period, the immunity of the
organism is at a comparatively low level, which cannot inhibit the rapid growth of bacteria.
Wound closure during this period will hinder wound drainage, and giving up the chance of
delayed debridement and the natural self defense of the organism against bacteria will be bad
for the prevention and cure of infection. Meanwhile, internal fixation damages tissue supply,
which weakens the body’s resistance to bacterial invasion, and the internally installed ma-
terials promote bacterial survival. These adverse effects further aggravate the development
of infection. In contrast, external fracture fixation or delayed internal fixation after infection
control does not aggravate soft-tissue wound and cause less local interference, thereby benefit-
ting the observation and drainage of the wound. Furthermore, external fixation has the virtue
that the para position and alignment of the fractured bone and the compression on it can be
adjusted any time after operation on the basis of X-rays, which effectively reduces the infec-
tion rate after seawater immersion-complicated open-knee joint fracture.

Normally, external fixation of long bone fracture does not exceed the joint. There-
fore, early joint functional training after external fixation does not greatly influence functional
rehabilitation. External fixation is the treatment of choice for open fracture complicated by
seawater immersion which does not need transarticular fixation (Xue et al., 2008). However,
for open-knee joint and femoral distal-end fracture complicated by seawater immersion, tran-
sarticular external fixation is necessary to achieve a stable, reliable fixation effect, due to the
specificity of the fractured site. Under such a condition, functional training cannot be per-
formed during the external fixation period because of the fixed angle of the knee joint (Oetgen
et al., 2010). This limitation may lead to joint functional deterioration and influence joint
functional rehabilitation. Furthermore, external fixation has other drawbacks, such as pin hole
infection (Rubinstein Jr. and DeHaan, 2010). In this study, the maximum streching angle of
group D (the external fixation group) was smaller than that of group B (the primary internal
fixation group) and group C (the delayed internal fixation group) (P < 0.05), and its minimum
flexible angle was smaller than that of group A (the control group) and group C, but showed
no significant difference compared with that of group B. These results indicate that long-term
trans-knee joint external fixation is more likely to influence joint function rehabilitation com-
pared with internal fixation. Delayed internal fixation means strict, thorough debridement and
external fixation first for animals with fracture; this handling is then followed by internal fixa-
tion and joint function rehabilitation as soon as possible after infection is controlled (Checa et
al., 2009; Smith et al., 2009). This treatment method benefits infection control (Oetgen et al.,
2010), as well as early joint function training and rehabilitation.

In conclusion, for seawater immersion-complicated open-knee joint fracture, external
fixation should be performed at an early stage after fracture for the sake of infection control
and wound healing. After infection is successfully controlled, delayed internal fixation should
be done. Meanwhile, early joint function training should be started, as it benefits infection rate
reduction and knee joint function rehabilitation.
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