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Abstract: Background: Hidden blood loss (HBL) often occurs after joint replacement; however, the mechanism of 
HBL is not clear. We conducted a prospective study to analyze the correlation between high-level free fatty acids 
(FFA) and erythrocyte injury, and explore the pathologic mechanism of hidden blood loss (HBL) after total knee 
arthroplasty (TKA). Methods: Perioperative blood indexes were tested in 120 patients who underwent unilateral 
total knee replacement for end-stage knee osteoarthritis. The changes in FFA, reactive oxygen species (ROS), he-
moglobin (Hb), and red blood cells (RBC) in the blood samples were detected. The activity of glutathione peroxidase 
(GSH-Px), total superoxide dismutase (T-SOD) and hydrogen peroxide (H2O2) levels were measured. Morphologic 
changes of blood cells were analyzed under a microscope. Results: HBL occurred in all patients after TKA. The Hb 
and RBC decreased significantly 24 h after surgery (P <0.05), while FFA and ROS concentration were substantially 
elevated, and heteromorphic red blood cells appeared under the microscope. The hemoglobin content decreased 
to its lowest level at 48 h after the operation (P<0.01). With the increase of FFA and ROS levels, HBL appeared more 
obvious (P<0.01). GSH-PX activity, T-SOD activity, and H2O2 levels significantly decreased compared to preoperative 
tested samples (P<0.01). Microscopically, atypical erythrocytes increased significantly with cellular rupture and 
lysis identified. Conclusions: High levels of FFA in blood can induce oxidative stress and damage red blood cells, 
leading to the occurrence of HBL after surgery. Trial Registration: Chinese Clinical Trials Registry (the trial number: 
ChiCTR17010681, URL: http://www.chictr.org.cn).
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Introduction

Hidden blood loss often occurs after traumatic 
fracture or surgery, which results directly in 
increased blood loss, and prolonged recovery 
time and hospital stay [1, 2]. There are many 
hypotheses about hidden blood loss, but the 
pathologic mechanism is still not clear. As early 
as 1973, Pattison et al. detected anemia in- 
consistent with intraoperative bleeding after 
knee replacement, and attributed this to invisi-
ble blood loss [3]. Sehat et al. first proposed 
the concept of HBL in 2000 and suggested  
that the HBL accounted for about 50% of the 
total blood loss through the Gross equation. 
Their research pointed out that the average 

perioperative blood loss of patients with knee 
arthroplasty was about 1474 ml, while the HBL 
was as high as 735 ml [4].

During TKA, there are two noteworthy proce-
dures. The first procedure is to use the align-
ment guide of the femur to drill a hole between 
the femoral condyles and enter the femur 
through the longitudinal channel of the femur. 
Another procedure is that with the trial compo-
nents in place, a drill guide of the tibial compo-
nent is used to expand the tibial hole by drilling 
a longitudinal channel through the tibial aper-
ture. Both procedures can increase the pres-
sure in the medullary cavity, where a large num-
ber of lipomicrons may enter the circulation 
under high pressure [5-7].
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FFA is a catabolic product of lipomicrons, that  
is composed of oleic acid, palmitic acid, lino- 
leic acid, and others, and can be combined with 
albumin to exist in the blood [8]. The concentra-
tion of free fatty acids in serum is related to 
lipid metabolism, sugar metabolism, and endo-
crine function. Studies have shown that high 
concentrations of FFA can induce oxidative 
stress and increase the production of ROS [9]. 
Active oxygen free radicals are directly or indi-
rectly converted from oxygen and its deriva-
tives. They can react with polyunsaturated fatty 
acids on the cell membrane to generate perox-
ides that have a toxic effect on the cells, result-
ing in protein oxidation, damage of DNA muta-
tion, lipid oxidation, or cell foaming. Oxidative 
damage to lipids in the erythrocyte membrane 
can directly lead to damage of red blood cells 
[10-12]. In this study, we examined the periop-
erative blood data of knee replacement pa- 
tients to study the relationship between FFA 
and HBL and explored the pathologic mecha-
nism of HBL. 

Patients and methods

Patients

This was a prospective study of 120 patients 
who received TKA in Jinling Hospital from April 
2019 to December 2019. There were 55 males 
(45.8%) and 65 females (54.2%), with an aver-
age age of 69 years (range 58-78 years).

Inclusion criteria: ① All patients underwent 
aseptic knee osteoarthritis with clinical mani-
festations of knee pain, varus deformity and 
limitations to daily life, which were ineffective 
after conservative treatment and had no other 
basic diseases; ② Objective, actual, accurate, 
timely and complete perioperative medical 
records and the collected blood samples th- 
at met the measurement requirements; ③ 
Patients with informed consent to the trial 
scheme. 

Exclusion criteria: ① Anemia and perioperative 
blood transfusion patients examined by preop-
erative blood tests; ② Patients with obesity, 
poor surgical tolerance, severe diabetes, or car-
diopulmonary insufficiency; ③ Patients with 
hyperlipidemia, preoperative anemia or hema-
tological diseases; ④ Patients with cerebral 
infarction or combined with varicose veins of 
lower limbs 3 months before surgery; ⑤ 

Patients with liver or kidney disease or 
dysfunction.

Materials

The prostheses used by all patients were  
EMINI MKII full-anatomical rotary platforms 
produced by LINK, Germany. Blood smear was 
prepared by Wright staining kit (Hongbokang 
pharmaceutical technology, China). Polarized 
light microscope (NIKON ECLIPSE 501, Japan) 
and hematology analyzer (SYSMEX XE-5000, 
Japan) were used. ROS release was detected 
with an ROS Detection Kit (Beyotime Institute 
of Biotechnology, China). The H2O2 concentra-
tion and GSH-Px and SOD activities were deter-
mined with commercially available assay kits 
(Nanjing Jiancheng Bioengineering Institute, 
China). Centrifuge was from Hermle Universal 
Centrifuge (Z323, Germany).

Perioperative management of TKA

All operations were performed by the same 
chief physician and the perioperative manage-
ment was performed by the same attending 
physician. Patient’s height, weight, body mass 
index, physical examination and vital signs 
were well recorded before the operation. All 
patients were routinely given antibiotics to pre-
vent infection 0.5 h before surgery. During the 
operation, a tourniquet was used (the tourni-
quet pressure is subject to the disappearance 
of the dorsal foot artery fluctuations). In combi-
nation with epidural anaesthesia, the operation 
time was 45-62 minutes (53.6 minutes in aver-
age). Adequate intraoperative hemostasis and 
the tibial plateau and femur osteotomy were 
based on the principle of restoring force lines, 
balancing soft tissues and restoring the patella 
trajectory. After the operation, an elastic ban-
dage was applied to bandage the affected limb 
with moderate pressure from the ankle to the 
middle thigh. 24 h after the operation, deep 
vein thrombosis was prevented by oral antico-
agulant rivaroxaban (Bayer) and the use of a 
lower limb venous thrombotherapy device. Dur- 
ing the perioperative period, homeostasis was 
maintained according to the fluid intake and 
outflow.

Evaluation of blood test

Blood samples were collected preoperatively 
and at 24 h, 48 h, 72 h and 120 h after surgery. 



Free fatty acids induce hidden blood loss

90 Int J Clin Exp Pathol 2022;15(3):88-96

Samples were placed in heparin anticoagulant 
tubes and mixed for backup. Appropriate blood 
samples were stained with Wright’s stain to 
prepare erythrocyte blood smears. Then the 
morphology of red blood cells was observed 
under a polarized light microscope. Other sam-
ples were submitted for inspection within two 
hours and the RBC, Hct, Hb content, and FFA 
concentration were measured by a fully auto-
matic hematology analyzer system. The oxida-
tive stress related indicators GSH-Px, H2O2 and 
T-SOD were measured by the kit-guided meth-
od: GSH-Px activity was measured by fluores-
cence assay, T-SOD activity was measured by 
xanthine oxidase assay, and H2O2 content ch- 
ange was measured by spectrophotometry. 
ROS release was detected with ROS Detection 
Kit.

Calculation of blood loss

Visible blood loss (VBL) mainly includes intra-
operative blood loss (negative pressure aspira-
tor retrieves blood, intraoperative gauze), and 
postoperative drainage volume (drainage tube 
drainage).

The patient’s estimated blood volume (EBV) 
can be calculated by using the formula: 

EBV = k1 × height (m3) + k2 × weight (kg) + k3

Where k1 0.3669, k2 0.03219, k3 0.6041 for 
men; and k1 0.3561, k2 0.03308, k3 0.1833 for 
women.

Calculated blood loss (CBL) can be calculated 
by Gross formula: CBL= EBV (H0-H1)/Hav

Where, H0 is preoperative Hct, H1 is postopera-
tive Hct, Hav = (H0-H1)/2 is mean value of 
hematocrit preoperative and postoperative.

As transfusion patients were excluded from our 
study, the CBL can be considered as total  
blood loss (TBL), so we can figure out: HBL= 
CBL-VBL.

Statistical analysis

All calculations and statistical analyses were 
performed using the SPSS version 19.0 soft-
ware. Values were expressed as mean ± stan-
dard deviation (x ± SD) and analyzed by one-
way analysis of variance followed by Dunnett’s 
t-test to compare differences in clinical indices. 

In all cases, P<0.05 was regarded as sig- 
nificant.

Results

Among the 120 patients involved in the study, 1 
patient developed deep vein thrombosis in the 
lower extremity after surgery and 9 patients 
received blood transfusion during the perioper-
ative period. Therefore, a total of 110 patients 
were brought into the result analysis including 
54 males and 56 females. All patients had 
complete relevant examination data. The height 
of the patients was 168.3 ± 9.5 cm and the 
average weight was 67.5 ± 15.3 kg. The aver-
age Hct before operation was 35.2 ± 3.5%, 
while it was 27.4 ± 2.8% after operation. 
According to the intraoperative blood loss and 
postoperative drainage volume, the visible 
blood loss was 478 ± 126 mL, according to the 
Gross formula, the total blood loss was 1036 ± 
128 ml, and the hidden blood loss was 565 ± 
72 ml. Our findings suggest that HBL accounted 
for about 54.5% of total blood loss.

The average Hb value of the patients before 
surgery was 132.5 ± 11.7 g/L, and the RBC 
was (4.18 ± 0.45) × 1012/L. 24 h after surgery. 
The Hb and RBC were significantly reduced to 
105.5 ± 8.3 g/L and (3.70 ± 0.38) × 1012/L. 
According to the decline of Hct combined with 
the Gross formula, HBL must have occurred. Hb 
and RBC continued to decline after surgery, and 
decreased to the lowest value after about 48 
hours, dropping to 85.5 ± 7.5 g/L and (2.75 ± 
0.30) × 1012/L, respectively. Gross formula 
results indicated that the hidden blood loss 
reached a peak value 72 h later. Hb and RBC 
gradually recovered and these indicators took a 
turn for the better 5 days after operation (Figure 
1).

The concentration of FFA was 0.32 ± 0.11 
mmol/L before surgery and increased to (0.95 
± 0.26) mmol/L 24 h after the operation, which 
was almost three times higher than that before 
surgery. The content of ROS also increased sig-
nificantly. 48 h later, FFA concentration was as 
high as 1.28 ± 0.33 mmol/L and ROS test 
results indicated that it was also significantly 
increased. The alteration of HBL was also the 
most obvious (Figure 2). The levels of FFA grad-
ually declined 72 h after surgery and tended to 
return to normal levels after 5 days. The above 
results suggested that FFA and ROS levels 
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increased significantly 48 h after the operation, 
and the changes trended to synchronize with 
HBL, which indicated that FFA was closely relat-
ed to HBL (Figure 3). Moreover, the increased 
ROS suggested that the pathogenesis mecha-
nism of HBL may be associated with the oxida-
tive stress response.

Indicators related to the redox reaction showed 
that GSH-Px activity, T-SOD activity, and H2O2 
content declined significantly 24 h after sur-
gery. In addition, erythrocyte atypia was ob- 
served under the microscope, which was main-
ly characterized by crenated erythrocytes. This 
phenomenon continued to aggravate, and 
GSH-Px activity, T-SOD activity and H2O2 con-
tent decreased to a minimum 48 h later, and 
the erythrocyte atypia also increased signifi-
cantly. From the microscopic viewpoint, there 
were many red blood cells with spindle and 
oblong shapes, pleomorphism, shrinkage, de- 
formation, rupture, and breaking (Figure 4A-E). 
After 72 h, the situation began to improve, 
GSH-Px activity, T-SOD activity, and H2O2 con-
tent increased, while red blood cell aberrations 
decreased (Figure 5).

Discussion

In this study, we confirmed the existence of 
HBL by examining and analyzing the periopera-
tive blood indexes of patients with knee arthro-
plasty. Results showed that the total periopera-
tive blood loss was 1036 ml and was signifi-
cantly lower than the earlier reported 1474 ml, 

transfusion group and non-transfusion group 
[13, 14]. However, in order to eliminate interfer-
ence, perioperative blood transfusion patients 
were not included in the study. It is reported 
that the use of tourniquet during TKA can 
increase the risk of HBL. The study divided the 
patients into the tourniquet group and non- 
tourniquet group, and the results showed that 
there was no significant difference in operation 
time between the groups, and the visible blood 
loss in the non-tourniquet group increased 
about 180 ml compared with the tourniquet 
group. Instead, the HBL was about 16% lower 
than that in the tourniquet group. However, 
there was still significant HBL in the non-tourni-
quet group that could not be explained [15, 16]. 

In addition, the “third mesooecium” theory also 
partially explained the HBL. Boswell et al. be- 
lieve that HBL occurs after TKA due to tissue 
blood oozing and fluid oozing into the surround-
ing tissue clearance (i.e., the third space) [17, 
18]. Therefore, after the surgery, we routinely 
use elastic bandages to bandage the affected 
limb from the ankle to the middle of the thigh 
and pressurize appropriately to reduce bleed-
ing, and apply a negative pressure drainage 
ball to drain the hematocele or hydrops in the 
joint cavity. With these measures, it is difficult 
for the blood to penetrate into the surrounding 
tissue space, and the amount of HBL triggered 
in this manner is limited.

In the previous study, we successfully con-
structed the animal model of HBL by injecting 
linoleic acid and arachidonic acid into rats. 

Figure 1. Hb and RBC changes before and after surgery. Hb and RBC de-
creased most significantly 48 h after operation. Post-24, 48, 72 and 120 h 
vs. Pre-operation. values are shown as mean ± SE; *P<0.01, #P<0.05.

suggesting that the improve-
ment in perioperative man-
agement could reduce the 
total blood loss and visible 
blood loss. However, the pro-
portion of HBL wass 54.5%, 
which is higher than the 50% 
reported previously, indicating 
that the control and manage-
ment of HBL is crucial [4].

There are many hypotheses 
about HBL. Some studies had 
suggested that HBL may be 
due to partial hemolysis cau- 
sed by blood transfusion. How- 
ever, clinical studies had fo- 
und that there was no differ-
ence in HBL between the 
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Linoleic acid and arachidonic acid are impor-
tant components of FFA. Our study found that 
when the blood linoleic acid or linolenic acid 
reached a certain concentration, it would in 
duce an oxidative stress response, resulting  
in the destruction of red blood cells and HBL 
[19-21].

HBL often occurs after joint replacement and 
traumatic fracture surgery. The common fea-
ture is that a large amount of fat droplets leak 

bloodstream during the operation, and the RBC 
and Hb were significantly reduced. At the same 
time, HBL was also the most obvious, and a 
quantity of damaged red blood cells could be 
found under the microscope. 72 h after the 
operation, with the catabolic metabolism of fat 
particles, FFA concentration decreased signifi-
cantly, and erythrocyte and hemoglobin level 
gradually increased. Meanwhile, the morpholo-
gy of red blood cells began to improve under 
the microscope, and the number of erythro-

Figure 2. ROS level changes pre-operation (A) and 48 h post-operation (B). The dyed cells were gathered to detect 
DCFH-DA fluorescence (488 nm-552 nm) using flow cytometry. Cell with fluorescence intensity at 102-103 nm were 
counted representing cells with high ROS release. The blue area represents the ROS level. The results showed that 
the ROS level at 48 hours after surgery was significantly higher than pre-operation. Meanwhile, HBL was the most 
obvious and FFA concentration reached its peak, suggesting that HBL is closely related to oxidative stress.

Figure 3. FFA and HBL changes before and after surgery. According to the 
variation tendency in the figure, HBL becomes more obvious with the in-
crease of FFA concentration. Post-24, 48, 72 and 120 h vs. Pre-operation. 
Values are shown as mean ± SE; *P<0.01, #P<0.05.

out of the medullary cavity, 
and penetrate deep into the 
circulation, tissues and cells. 
Especially during joint re- 
placement, the manipulation 
of the femur and tibia can 
increase the pressure of the 
medullary cavity and force the 
fat particles into the blood cir-
culation [6, 7, 22, 23]. The 
effects of its metabolites on 
tissue cells needs further 
study. Our results showed that 
the concentration of FFA in the 
blood increased significantly 
48 h postoperatively, indicat-
ing that many small fat drop-
lets were released into the 
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cytes with atypia decreased gradually. This indi-
cates that FFA, a metabolite of small fat drop-
lets, is closely related to the reduction and 
destruction of red blood cells after surgery.

Studies have pointed out that the FFA can help 
to induce the generation of ROS in endothelial 
and vascular smooth muscle cells [24]. High 
concentration of FFA stimulates the production 
of highly reactive molecular oxygen clusters 
and reactive nitrogen clusters, which triggers 
oxidative stress. A prolonged imbalance bet- 
ween the production of highly reactive mole-
cules and anti-oxidant effects results in tissue 
damage. These active molecules can directly 
oxidize and damage DNA, proteins and lipids, 
and can also act as functional molecular sig-
nals, activating a variety of stress-sensitive sig-
naling pathways in cells, which are closely relat-
ed to insulin resistance and impaired β-cell 
function [25, 26]. Studies have shown that high 
levels of FFA lead to a large amount of ROS  
production and oxidative stress, which can also 
activate stress-sensitive signaling pathways. 
Fatty acid synthase (FAS) genes activate Akt, 
and sterol regulatory element binding protein-1 
under hypoxic conditions becomes up-regulat-
ed, thus FAS expression level is associated wi- 

th hypoxia in the body. It is worth noting that 
Akt is also up-regulated by H2O2. Under hypoxic 
conditions, the level of FAS protein is signifi-
cantly increased as well as the production of 
ROS in cells [27, 28]. This suggests that the 
expression of FAS gene is actively controlled by 
hypoxia, which is also related to the amount of 
ROS in cells. During knee arthroplasty, the use 
of tourniquets can lead to poor blood supply 
and tissue hypoxia in the affected limb over a 
period of time, and local tissue swelling and 
reduced activity after operation also exacer-
bate blood and tissue hypoxia. As the concen-
tration of fat droplets in blood and tissues 
increases after surgery, the FAS required for 
metabolism increases. Therefore, blood and 
tissue hypoxia will accelerate the catabolic 
metabolism of H2O2 in the blood. As a conse-
quence, the level of H2O2 in the blood decreased 
significantly 24 h and 48 h after surgery. A high 
concentration of FFA will induce the production 
of ROS in vascular smooth muscle cells. The 
results of flow cytometry showed that ROS lev-
els increased significantly after 48 hours, which 
may lead to an imbalance in the redox reaction. 
Free radicals can damage cells by acting on 
polyunsaturated fatty acids on cell membranes, 
exacerbating oxygen free radical reactions, and 

Figure 4. Morphologic changes of red blood cells under microscope during perioperative period. Samples were tak-
en before and 24, 48, 72, and 120 h after surgery (A-E). Cell smears were prepared by Wright’s stain and observed 
under a polarized light microscope (400× magnification). A large number of atypical red blood cells can be found 
under the microscope at 24 h after operation (B). 48 h after the operation, the atypical erythrocytes increased, 
mainly manifested by polymorphic changes, shrinkage, deformation, and even breaking (C). 72 h later, the erythro-
cyte morphology improved, and the atypical cells decreased (D). However, the erythrocyte morphology was normal 
5 days after the operation.
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Figure 5. Changes of GSH-Px, T-SOD activity, and H2O2 levels during peri-
operative period. Post-24, 48, 72 and 120 h vs. Pre-operation. Values are 
shown as mean ± SE; *P<0.05, #P<0.01.

lipid peroxidation. The intermediates of lipid 
peroxidation can react with membrane proteins 
to polymerize and cross-link proteins. In addi-
tion, the carbonyl products of lipid peroxida- 
tion (such as malondialdehyde) can also attack 

the amino groups of mem-
brane protein molecules, re- 
sulting in intramolecular and 
intermolecular cross-linking of 
proteins. On the other hand, 
free radicals can also cova-
lently bind directly to enzymes 
or receptors on the membra- 
ne [29-31]. These oxidations 
damage the spatial configura-
tion of enzymes, receptors, 
and ion channels embedded 
in the membrane system, de- 
stroying the integrity of the 
membrane and affecting the 
function of the membrane and 
antigen specificity, which ev- 
entually leads to the cell da- 
mage and lesions. Therefore, 
the oxidative stress induced 
by FFA can destroy red blood 
cells and result in erythrope-
nia and HBL.

SOD is an antioxidant metal 
enzyme in body. It can cata-
lyze the disproportionation of 
superoxide anion radicals to 
generate oxygen and H2O2, 
which plays a crucial role in 
the balance between oxida-
tion and antioxidant activity in 
the body. So, SOD is closely 
related to the occurrence and 
development of many diseas-
es [32]. The activity of total 
superoxide dismutase (T-SOD) 
can reflect the ability of the 
body to remove oxygen free 
radicals [33]. Glutathione per-
oxidase (GSH-Px) is an impor-
tant peroxidase widely found 
in the body. The active center 
of GSH-Px is selenocysteine, 
and its activity can reflect the 
selenium level of the body. 
Selenium, as a component of 
the GSH-Px enzyme system, 
can catalyze the transforma-
tion of GSH into GSSG, and 

reduce toxic peroxides to non-toxic hydroxyl 
compounds so as to protect the structure and 
function of cell membranes from the interfer-
ence and damage of oxides [34, 35]. The de- 
crease of NADPH was linearly related to the 
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activity of GSH-Px. The physiologic function of 
GSH-Px in plasma is mainly to catalyze GSH, 
participate in the peroxidation reaction, and 
remove peroxides and hydroxyl radicals gener-
ated during cellular respiratory metabolism, 
thereby reducing the peroxidation of polyunsat-
urated fatty acids in the cell membrane [29, 
36]. Studies have shown that FFA can stimu- 
late neutrophils to produce H2O2 and hypochlo-
rous acid, which can oxidize and deplete SOD 
and GSH-Px on the surface of the cell mem-
brane [37, 38]. In our study, with the increase of 
FFA concentration in blood, the activities of 
T-SOD and GSH-Px decreased significantly, and 
the morphology of red blood cells also showed 
obvious cytomembrane destruction, suggest-
ing that the lipid droplet metabolite FFA in the 
blood induced a series of oxidation reactions in 
the body. The imbalance of the redox reaction 
leads to a destruction and significant reduction 
of red blood cells. Accompanied by the metabo-
lism of FFA and the disappearance of oxidative 
stress stimuli, the Hb and RBC increased by 
self-compensation, and the activities of T-SOD 
and GSH-Px returned to equilibrium.

Conclusions

In summary, a high level of FFA can induce oxi-
dative stress in vivo and damage red blood 
cells, which eventually leads to HBL. This sug-
gests that intraoperative clearance of fat drop-
lets in the medullary cavity and the operative 
area, and the use of antioxidants postoperative 
may reduce the occurrence of HBL.
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