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Abstract: Intraoperative blood loss (IBL) monitoring is an important factor in decision-making of anesthesia, and 
real-time and reliable IBL is vital in the safety of the patient during the perioperative period. But even now after 
decades of technological development in medicine, this basic clinical issue has not been addressed. The current 
strategies of monitoring do not usually achieve all the needs of accuracy, timeliness, and procedural flexibility in 
regular clinical care. This article re-examines this critical issue of intraoperative blood loss monitoring from the 
perspective of actual clinical surgery and anesthesiology. We analyzed the structural reasons for the long-term 
unreliability of IBL clinical measurements and proposed some core principles for future surveillance strategies. 
Traditional methods for assessing intraoperative blood loss include visual estimation, gravimetric methods, volu-
metric methods, and laboratory or spectrophotometric methods. These methods all have inherent limitations. We 
believe these shortcomings are not isolated technical problems, but rather stem from a design philosophy that did 
not address the needs of clinical decision-making from the outset. To better explain the clinical challenges faced 
by IBL monitoring, we propose the “Irreconcilable Triangle of IBL Monitoring” model. This model consists of three 
conflicting requirements: accuracy, timeliness, and workflow compatibility. Optimizing one dimension of technology 
inevitably compromises other dimensions. Therefore, we redefine accuracy as “functional accuracy”. That is, the 
accuracy of intraoperative bleeding monitoring should reach the level necessary to support intraoperative clini-
cal decision-making, without pursuing absolute accuracy. Simultaneously, it should be made as time-relevant and 
clinically feasible as possible to meet clinical needs. This paper envisions future strategies for intraoperative blood 
loss monitoring. Future clinical practice requires automated equipment capable of continuously quantifying free 
blood, absorbed blood, and blood clots, shifting from inferential estimation to direct automated measurement. 
Furthermore, this equipment must be seamlessly integrated into the anesthesia workflow. The paper discusses the 
availability of artificial intelligence (AI) in surgical blood loss monitoring. We believe that while AI has limitations in 
interpretability, it can serve as a complication prediction and backend computational tool for the entire monitoring 
system. In the future, we hope to develop IBL monitoring into an integrated system centered on clinical usability and 
decision relevance through new technology development and system integration.
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Introduction

Proper measurement intraoperative blood loss 
(IBL) is a cornerstone of the safety of the peri-
operative process and the enhancement of 
anesthetic care [1]. It is the foundation for 
anesthesiologists to formulate key decisions 
such as fluid resuscitation, blood transfusion, 

and hemodynamic support, which directly af- 
fect the postoperative outcome of patients [2, 
3]. The underestimation of blood loss can result 
in the delay of vital interventions leading to the 
likelihood of hypovolemia and tissue hypoxia, 
whereas its overestimation leads to a risk of 
unnecessary transfusions, subjecting patients 
to transfusion-related lung injury, circulatory 

http://www.IJBT.org
https://doi.org/10.62347/RYZE7872


Rethinking intraoperative blood loss monitoring

60	 Int J Burn Trauma 2026;16(2):59-71

overload, and coagulation disorders [4]. De- 
spite the clinical importance of blood loss mon-
itoring, reliable IBL monitoring remains one of 
the most challenging issues in modern anes-
thesiology [5].

Other conventional ways of estimation which 
comprise of visual estimation and weight-based 
estimation are the simplest and easy to carry 
out but not that accurate [6-9]. There have 
been reports in the literature that even in ex- 
perienced clinicians, interobserver variability 
generally ranges over 30 percent -50 percent, 
even though alternative quantitative proce-
dures based on laboratory or photometric me- 
thods are possible, at a cost of dramatically 
multiplying the physician-to-patient task load 
as well as disturbing the regular clinical work-
flow [5, 7, 10-13]. Furthermore, the delays 
associated with these methods diminish their 
clinical utility [14, 15]. Therefore, intraopera- 
tive blood loss monitoring still largely relies on 
the most traditional visual experience, despite 
its proven low accuracy.

Anesthesiologically speaking, the clinical re- 
sults of intraoperative blood loss are related to 
the change in circulating blood volume, oxygen 
delivery, and tissue perfusion. Therefore, intra-
operative blood loss is not just a number; it’s  
a living body’s signal [16, 17]. The clinical sig-
nificance of IBL monitoring does not depend 
solely on its accuracy, but also on how timely 
and feasible it is. At present, there is no one 
method that can meet all of these needs at  
the same time, indicating a structural problem 
rather than a technological issue. Thus, this 
review re-examines IBL monitoring from a deci-
sion-centered framework, aiming to clarify the 
reasons for the inadequacy of existing methods 
and provide theoretical insights for the devel-
opment of future IBL monitoring systems.

Clinical significance and current challenges

Safety and anesthetic care in the operating 
room largely depends on reliable monitoring of 
intraoperative blood loss (IBL). To anesthesiolo-
gists, it gives the basic physiological data in 
making the decision regarding fluid resuscita-
tion and blood transfusion. Anesthesiologists 
can evaluate the circulatory changes of patients 
based on blood loss volume and implement 
timely clinical interventions [18]. Accurate and 
dynamic assessment of intraoperative blood 

loss can help anesthesiologists identify hemor-
rhage early and prevent hypoperfusion, while 
avoiding the risks of excessive transfusion  
and fluid overload [19]. For surgeons, real-time 
blood loss information can guide them to per-
form hemostasis in a timely manner and con-
trol the surgical pace. More so, the availability 
of blood loss data allows more precise and 
effective substitution of information between 
surgeons and anesthetic personnel, and this,  
in turn, directly influences the decision-making 
process during intraoperative conditions, as 
well as patient safety [20].

As well as an immediately hemodynamic con-
trol, IBL represents a variable central in the 
wider scope of patient blood management 
(PBM). In the PBM model, it is considered to  
be an important marker of measuring surgical 
quality and complexity [21]. In terms of blood 
product management, quantitative assess-
ment of intraoperative blood loss serves as  
a key evidence-based medical basis for in- 
traoperative transfusion practices [22, 23]. 
Meanwhile, in clinical research, the recorded 
blood loss volume is often used as an indica- 
tor of surgical trauma, technical proficiency and 
prognostic risk. Moreover, numerous studies 
have demonstrated that blood loss is highly 
correlated with postoperative morbidity, length 
of hospital stay and mortality [24-26].

Although quantification of intraoperative blood 
loss has much clinical and scientific value, 
timely and accurate quantification in clinical 
practice is still challenging to control. Despite 
the appearance of a great number of methods 
of intraoperative blood loss monitoring during 
the past decades, the ugly truth is that the 
overwhelming majority of clinicians continue to 
use the most inaccurate visual estimation of 
the latter in real clinical practice. This lack of 
correspondence between technological inno- 
vation and clinical use is not merely about the 
technical flaws of a certain person, but also  
the structural limitations of the majority of the 
existing measurements.

As illustrated in Table 1, different represen- 
tative estimation techniques, such as gravi- 
metric, colorimetric, photometric, spectropho-
tometric, feature-based imaging, formula-ba- 
sed computation and physiological surrogate 
indices conceptually conform to a shared col-
lection of failure mechanisms. Common limita-
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Table 1. Conceptual mapping of representative blood loss estimation approaches to shared structural limitations in anesthetic practice
Representative approach 
category Illustrative clinical implementation Core underlying assumption Dominant structural limitation in anesthetic 

practice
Related 

subsection
Visual estimation [13] Subjective assessment of blood on 

sponges, drapes, and suction canisters
Human observers can reliably 
estimate blood volume

High interobserver variability and cognitive bias, 
especially during large or rapid bleeding

2.4

Gravimetric methods [27] Weighing blood-soaked sponges or suction 
canisters

Weight change reflects true 
blood volume

Marked susceptibility to dilution by irrigation and 
nonblood fluids

2.1

Direct measurement methods [28] Calibrated collection bags or delivery 
drapes

Collected fluid volume approxi-
mates blood loss

Inability to separate blood from other fluids; lim-
ited applicability outside selected settings

2.1, 2.5

Calculated blood loss  
(formula-based) [15, 37-49]

Hb or Hct change combined with estimated 
blood volume (e.g., Nadler, Moore, ICSH 
formulas)

Changes in laboratory values 
directly reflect hemorrhage

Strong model dependence and error propaga-
tion due to fluid shifts, transfusion, and delayed 
equilibration

2.2, 2.3

Colorimetric methods  
(Triton system) [30, 42]

Image-based estimation of blood on 
sponges or in canisters

Optical features reliably repre-
sent hemoglobin content

Dependence on controlled acquisition conditions; 
partial coverage of bleeding sources

2.4, 2.5

Photometric/spectrophotometric 
methods [50]

Hb extraction or optical absorbance 
analysis

Hemoglobin concentration can 
be accurately quantified

High analytical accuracy but delayed availability 
and workflow disruption

2.2

Physiologic surrogate methods [51] IVC ultrasound, esophageal Doppler, near-
infrared spectroscopy

Hemodynamic or tissue signals 
indirectly reflect blood loss

Indirect inference; lack of specificity for hemor-
rhage

2.2, 2.5

Noninvasive hemoglobin  
monitoring [52]

Continuous SpHb or similar optical sensors Peripheral Hb trends reflect 
acute blood loss

Susceptibility to motion, perfusion, and dilution 
effects; delayed correlation with true bleeding

2.2, 2.3

Note: This table provides a conceptual illustration of shared structural limitations rather than a comparative evaluation of accuracy or performance. Categories are derived from commonly described meth-
ods in the perioperative literature.
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tions of the methods are susceptibility to dilu-
tion, time lapse between measurement and 
clinical intervention, dependency on simplify- 
ing assumptions, operator variability, and an 
incomplete characterization of the sources of 
bleeding and not the defect of the specific 
method.

These structural limitations will be discussed in 
detail in the following subsections.

Dilution effect

Irrigation fluids, urine, amniotic fluid, and peri-
toneal effusions are some of such non-blood 
fluids that change the composition of the col-
lected fluids during surgery. Thus, the quantity 
of fluid as indicated by the suction cup or damp 
sponge is hardly accurate for the quantity of 
blood loss. Both gravimetric and volumetric 
methods assume that the amount of collected 
volume is an accurate measure of blood loss. 
However, the dilution effect of other body fluids 
and irrigation fluids invalidates this assump- 
tion [27-29]. This difference leads to a signifi-
cant increase in the error in blood loss mea-
surement and misleads critical decisions such 
as fluid resuscitation and transfusion, especial-
ly in cases of prolonged surgery or when ex- 
tensive irrigation is required [30]. Accordingly, 
such methods may remain operationally simple 
but are intrinsically limited in decision-relevant 
accuracy under fluid-contaminated conditions.

Analytical latency

A central limitation of many intraoperative 
blood loss monitoring methods is analytical 
latency. In real clinical settings, the value of a 
monitoring signal depends not only on how 
accurate it is, but also on whether it becomes 
available early enough to support interven- 
tion. Measurements that are obtained only 
after blood collection, laboratory processing,  
or delayed physiological equilibration may be 
analytically informative, yet still provide limited 
help for real-time anesthetic decision-making. 
This problem is especially evident in formula-
based approaches relying on hemoglobin or 
hematocrit changes, because these indicators 
often lag behind acute bleeding and are easily 
influenced by fluid redistribution, transfusion, 
and ongoing resuscitation [31-33]. 

The same limitation applies to many photome- 
tric or laboratory-based techniques. Although 

these approaches may perform well under con-
trolled conditions, the time required for sample 
handling and analysis often reduces their use-
fulness during rapidly changing intraoperative 
events. By the time the result is available, the 
patient’s hemodynamic condition may already 
have changed, weakening the practical value  
of the measurement for immediate fluid or 
transfusion management. In this sense, a me- 
thod with slightly lower analytical precision may 
still be more clinically useful if it provides timely 
and actionable information.

Physiologic surrogate signals can respond qui- 
ckly. However, they are indirect and not speci- 
fic to bleeding. Similar changes may also result 
from anesthetic depth, vasoactive drugs, pa- 
tient positioning, or other nonhemorrhagic fac-
tors. Noninvasive hemoglobin monitoring can 
support continuous trend tracking. However, its 
performance can be affected by poor peripher-
al blood flow, patient movement, and dilution  
of blood after fluid infusion. This limits its reli-
ability as a stand-alone method for precise 
intraoperative blood loss assessment. These 
limitations show that timeliness alone is not 
enough. A clinically useful monitoring method 
must also provide information that is interpre-
table and relevant to real-time anesthesia care.

Formula constants generates propagation of 
errors

The estimation techniques based on the for-
mula are often the computations of variations 
in the red blood cell volume or even the hemo-
globin concentration. The approaches usually 
consider the blood volume of the patient as a 
central data number into the formula [34]. 
These methods typically incorporate the pa- 
tient’s blood volume as a core data point into 
the formula. Before surgery, the physician or 
anesthesiologist calculates the patient’s blood 
volume using a blood volume calculation for-
mula and simply incorporates this value as a 
constant into the formula [35-38]. However,  
in reality, the blood volume upon which these 
models rely is highly sensitive to physiological 
variations such as vascular tone and changes 
in capillary permeability. Even small deviations 
in the assumed parameters can propagate th- 
rough subsequent calculations, leading to sig-
nificant estimation errors [39, 40]. Therefore, 
these mathematically complex models often 
perform poorly when faced with the dynamic 
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fluid transfer and hemodynamic fluctuations 
specific to real surgical conditions.

Subjective estimation leads to huge errors

Visual estimation still dominates in clinical 
practice. The main reason is that it provides 
immediate feedback and has minimal disrup-
tion to the workflow [10]. However, it is also  
the most error-prone method. Perceptual di- 
fferences, cognitive load, and environmental 
factors can lead to large inter-observer variabil-
ity, thus reducing reliability. Literature has de- 
monstrated that semi-quantitative visual aids 
or colorimetric tools can be biased. However, 
for routine use, the increased clinical workload 
is too costly to justify the slight improvement  
in accuracy [13, 41]. Despite the widespread 
recognition of the inaccuracy of visual estima-
tion, this method remains popular. The biggest 
reason is that it is more compatible with work-
flow requirements than any other method.

Troubled monitoring due to fractionated blood 
loss

Another major reason why intraoperative blood 
loss is difficult to quantify is that bleeding is 
often scattered across multiple sources rather 
than collected in a single measurable stream. 
In real surgical settings, blood may be found  
at the same time in suction canisters, blood-
soaked gauze, drapes, the surgical field, hid- 
den cavities, and clotted areas [29, 30, 42]. 
Because of this, it is difficult for any single 
method to capture the full amount of blood  
loss in a complete and coordinated way. Even  
if one part is measured well, the unmeasured 
part may still be clinically significant. This in- 
complete capture may create a false sense of 
precision, especially when the measured por-
tion is treated as if it reflects total blood loss. 

This challenge affects both traditional and 
newer monitoring methods. Direct collection-
based approaches can measure blood gath-
ered in a specific container, but they cannot 
fully account for diffuse bleeding, retained 
blood, or blood spread across multiple surfac-
es. In the same way, image-based and optical 
methods can improve the objectivity of visible 
blood assessment, but they are still limited by 
what can actually be seen and recorded within 
the measurement area. In practice, colorimet-
ric systems offer a relatively good balance 

between accuracy and near real-time use, but 
their performance still depends on imaging 
conditions and they may not capture every 
source of bleeding. 

The irreconcilable triangle in intraoperative 
blood loss monitoring

In the context of anesthesiology the clinical 
goal of IBL follow-up is entirely different com-
pared to the clinical goal of retrospective sur- 
gical reports. In the case of anesthesiologists, 
blood loss is a complex sporadic physiologi- 
cal stress factor that constantly changes intra-
vascular volume, oxygen delivery and cardio-
vascular stability. The informational worth of 
any measurement thus is not based solely on 
numerical accuracy, but also temporal rele-
vance as well as compatibility with the intra- 
operative workflow.

The decades of the research have proven that 
no single method can suit all the three dimen-
sions at the same time. What one gets better, 
the other gets worse, which forms the idea of  
a structural conflict that can be viewed as the 
concept of the irreconcilable triangle (Figure  
1). The conflicting priorities that limit present 
and future monitoring systems are indicated by 
its vertices namely accuracy, timeliness, and 
workflow integration.

Accuracy: clinical precision and functional 
relevance

Accuracy is an essential part of any clinically 
credible monitoring system. However, in anes-
thetic practice, accuracy does not mean per-
fect agreement with the exact blood loss vol-
ume in every milliliter. What matters more is 
whether the information is accurate enough to 
support timely and appropriate action. Althou- 
gh photometric and laboratory-based methods 
may show low analytical bias under controlled 
conditions, their complexity and delay often 
reduce their usefulness during rapidly chang- 
ing intraoperative events [43].

In daily practice, anesthesiologists need moni-
toring results that help guide the next decision. 
This may include continuing routine observa-
tion, increasing surveillance, reassessing the 
patient more closely, or preparing for fluid re- 
suscitation and transfusion. Current transfu-
sion guidelines provide useful reference points 
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for this kind of decision-oriented accuracy. The 
2023 AABB guideline recommends a restric- 
tive strategy and suggests considering transfu-
sion when hemoglobin is below 7 g/dL in most 
hemodynamically stable adults. It also notes 
that clinicians may choose thresholds of 7.5 g/
dL for cardiac surgery and 8 g/dL for orthope-
dic surgery or for patients with preexisting car-
diovascular disease [44]. NICE guidance simi-
larly supports a threshold of 70 g/L for patients 
without major hemorrhage or acute coronary 
syndrome, and a threshold of 80 g/L for acute 
coronary syndrome [43].

We use the term functional accuracy to de- 
scribe this clinically useful level of performan- 
ce. A method is functionally accurate if it pro-
vides information reliable enough to support 
the same general management direction that 
would be chosen under a better reference-
based assessment. This does not mean that 
the method must reproduce the true blood loss 
volume exactly. Instead, it should help clini-
cians judge whether the patient is still in a rou-
tine monitoring phase, is entering a higher-risk 
zone, or may be approaching a point where 
stronger intervention is needed [45].

Hemoglobin should not be treated as the only 
decision trigger. Existing reviews of intraope- 
rative transfusion decision-making show that 
current guidance also considers blood loss, 
hemodynamic status, and signs of end-organ 
ischemia. This is especially important during 
active intraoperative bleeding, when a single 
laboratory value may lag behind the clinical sit-

beyond repair. The data concern blood loss, 
derived either post-operative or retrospectively 
once physiological homeostasis has been re- 
gained are only utilized largely either in docu-
mentation or research purposes. This delayed 
information is not of much use in informing 
intraoperative decisions on fluid resuscitation, 
vasopressor support, or transfusion. Even the 
minor delays in some cases, like obstetric uter-
ine atony, or major vascular surgery, may re- 
sult in the hemodynamic collapse. With regard 
to patient safety, untimely feedback probably 
would be more hazardous than moderate in- 
accuracy.

Nowadays, the vast majority of quantitative 
monitoring techniques do not suffice this re- 
quirement to use instantly. Most photometric 
techniques involve laboratory work which de- 
lays reports through processing of the sam- 
ples. As the results are provided, the hemody-
namic state of a patient can be different. The 
effect of this lack of place and time is the sa- 
botage of the aim of monitoring. Both theoreti-
cally and practically, timely signals, albeit some-
what less precise, are more clinically useful in 
comparison with delayed but true measure-
ments. This is in the sense that it allows the 
anesthesia staff to intervene, instead of deal-
ing with it passively.

Workflow compatibility: an underestimated 
dimension

The issue of compatibility of the workflows is 
the deciding factor of the survivability of an 
intraoperative bleeding monitoring technology 

Figure 1. The irreconcilable triangle of intraoperative blood loss monitoring.

uation. For this reason, func-
tional accuracy is better un- 
derstood as decision-relevant 
accuracy rather than milliliter-
level precision alone [45].

Timeliness: the necessity of 
real-time response

Timeliness is very important in 
converting the data of blood 
loss into good data of clinical 
action. Surgical bleeding may 
be unpredictable and increas-
es within minutes meaning th- 
at there is a very small period 
when it is reasonable to in- 
tervene before the situation is 
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Table 2. Multidimensional semi-quantitative comparison of representative intraoperative blood loss (IBL) monitoring approaches

Method class (aligned with Table 1) Accuracy 
(1-5)

Timeliness 
(1-5)

Workflow 
compatibility 

(1-5)
Cost Training 

burden Evidence anchor (key refs)

Visual estimation 1 5 5 Low Low High interobserver variability; rapid but subjective 
[6, 10, 13, 38]

Gravimetric methods 2 4 3 Low Low Dilution by irrigation/fluids limits validity [8, 9, 27]
Direct Measurement Methods 2 4 3 Low–Moderate Low Collected volume confounded by non-blood fluids; 

restricted settings [28, 29]
Formula- and surrogate-based monitoring 2 1 2 Low Moderate Model dependence + delayed equilibration; error 

propagation [15, 34, 32-35]
Photometric/spectrophotometric methods 4 1 1 High High High analytic accuracy but offline/slow and work-

flow disruptive [50]
Physiologic surrogate methods 2 4 3 Moderate High Indirect, nonspecific inference for hemorrhage [40, 

51, 53]
Colorimetric methods (Triton system) 4 3 2 High High Sensitive to lighting/positioning; algorithm robust-

ness limits [30, 42]
Noninvasive hemoglobin monitoring 2 4 4 High Low Continuous trend but affected by perfusion/mo-

tion/dilution [31, 52]
Note: Ratings are presented as semi-quantitative comparative assessments of representative intraoperative blood loss estimation methods under routine operating-room condi-
tions. Scores were assigned on the basis of published validation evidence, consistency relative to available reference standards, and pragmatic feasibility in anesthetic practice; 
they are intended to support structured comparison rather than formal evidence-weighted ranking. Accuracy refers to functional (decision-relevant) accuracy, namely whether a 
method is sufficiently reliable to support intraoperative management decisions such as escalation of surveillance, fluid resuscitation, and transfusion-related intervention, rather 
than strict milliliter-level equivalence to true blood loss. Accuracy (1-5): 1 = highly variable or systematically biased, with limited value for clinical decision support; 2 = low reliability 
and substantial susceptibility to confounding factors; 3 = moderate reliability, generally sufficient for rough estimation or trend recognition; 4 = good reliability in clinically relevant 
settings, with acceptable agreement for most practical purposes; 5 = consistently high reliability approaching reference-standard performance. Timeliness (1-5): 1 = retrospective 
or offline output not suitable for immediate intraoperative intervention; 2 = substantial delay before actionable information becomes available; 3 = intermittent or near-real-time 
output; 4 = promptly updated information with minor delay; 5 = continuous real-time output. Workflow compatibility (1-5): 1 = substantial manual burden or major disruption to 
routine workflow; 2 = considerable additional handling, equipment interaction, or operator attention required; 3 = feasible in routine practice but requiring moderate user interac-
tion; 4 = generally well integrated with minor workflow burden; 5 = highly automated and seamlessly integrated into intraoperative workflow. Cost and training burden are presented 
as qualitative implementation requirements at the institutional level and are categorized as Low, Moderate, or High.
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in the conditions of an operating room. An- 
esthesiologists must be able to accomplish 
many tasks in a highly limited period of time  
in the high-intensity surgical setting: ventilator 
control, administration of medication, observa-
tion of the provided data, and contact with the 
surgical team. Monitoring that interrupts the 
workflow by distracting the healthcare profes-
sionals regardless of the level of its analytical 
capability will hardly be embraced among the 
masses.

Numerous high technologies fail to comply with 
this need. Most forms of monitoring have physi-
cians manually adjusting devices or machinery 
or re-processing of samples, complicating the 
operation and teamwork. Even semi-automat-
ed systems might force the user to be inter-
rupted with operation or trouble shooting to 
generate workflow friction in a subtle but cumu-
lative way. Such minor breakdowns eventually 
can erode trust among the anesthesiologists 
and the surgical team leading to less compli-
ance and at times well-intended innovations 
may be pushed out of circulation.

The only way to achieve the actuality of work-
flow compatibility is to have blood loss monitor-
ing technology act as an independent, nonstop, 
and non-obtrusive element of the perioperative 
ecosystem, and not a proactive unit that adds 
the extra labor expenses. Ideally, technology on 
blood loss monitoring should be installed flaw-
lessly on the prevailing anesthesia worksta-
tions, electronic medical records, and decision 
support interfaces. It must be able to give the 
needed information without having to undergo 
more operations.

Balancing the triangle

In intraoperative blood loss monitoring, im- 
proving one aspect often comes at the expen- 
se of another. Methods with higher accuracy 
usually require more time, more processing 
steps, or greater manual effort, which reduces 
their value in fast-changing clinical situations. 
By contrast, methods that are rapid and easy  
to use are often more subjective and less re- 
liable. Likewise, approaches that fit smoothly 
into routine workflow do not always provide su- 
fficiently rigorous quantitative information. This 
persistent imbalance among accuracy, timeli-

ness, and workflow compatibility helps expla- 
in why decades of technical development have 
not yet produced an ideal monitoring method 
for routine clinical use.

This problem is not simply due to the limita- 
tions of individual technologies. More funda-
mentally, it reflects a structural conflict within 
current models of blood loss monitoring. To 
make this contradiction more visible, Table 2 
presents a semi-quantitative comparison of 
current IBL monitoring approaches using pre-
defined criteria for accuracy, timeliness, and 
workflow compatibility. These ratings are in- 
tended to summarize published evidence to- 
gether with practical clinical usability, rather 
than to provide a formal evidence-weighted 
ranking. The comparison shows a consistent 
pattern: highly accessible methods such as 
visual estimation perform well in timeliness 
and workflow integration but poorly in accu- 
racy, whereas analytically stronger methods 
often suffer from delayed results or poor clini-
cal integration.

Figure 2 further illustrates this problem from  
a developmental perspective. It shows how 
intraoperative blood loss monitoring has evo- 
lved from subjective empirical estimation to- 
ward more quantitative and technology-assist-
ed approaches. Although later methods im- 
proved objectivity and analytical capability, the 
basic trade-offs among accuracy, timeliness, 
and workflow compatibility have remained lar- 
gely unchanged. In other words, the field has 
advanced in technique, but not yet fully in para-
digm. This ongoing tension suggests that the 
limitations of current monitoring are not only 
technical, but also conceptual.

Recognizing this conflict, we argue that mean-
ingful progress in IBL monitoring will not come 
from incremental technical refinement alone, 
but from redefining what counts as clinical  
success. A useful monitoring approach must 
achieve a workable balance among accuracy, 
timeliness, and workflow compatibility, rather 
than maximizing only one of these dimensions. 
From the perspective of anesthesia practice, 
the value of a method lies not only in how pre-
cisely it measures blood loss, but also in whe- 
ther it can deliver actionable information at the 
right time and in a form that fits routine care.
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Future projections: to automated and intelli-
gent monitoring

The constraints outlined under the irreconcil-
able triangle model tend to indicate that fu- 
ture developments in IBL surveillance will not 
be due to some kind of advancements on the 
current processes. The next generation surveil-
lance systems should balance accuracy in an- 
alysis and clinical usefulness by incorporating 
automation, direct measurement, decision rel-
evancy, and together develop them into a new 
design philosophy. The critical attributes of the 
future surveillance systems can be summed  
up as follows.

Automation and direct measurement

Future blood loss monitoring technologies sh- 
ould focus on accurate, objective direct quanti-
fication of blood loss, while abandoning con-
ventional empirical estimation methods. Unlike 
current techniques that depend on surrogate 
indicators such as hemoglobin levels or aspi-
rated fluid volume, direct measurement app- 
roaches must capture total blood loss in full 
scope - covering free blood, blood adsorbed on 
surgical instruments, and residual coagulated 
blood. Systems built on this principle can re- 
duce interference from key confounding fac-
tors, including intravenous fluid infusion, inter-
nal fluid redistribution, and fluctuations in vas-
cular tone.

Automation is another core priority for fu- 
ture development. Fully automated systems 
support uninterrupted real-time data analysis 

without disrupting clinical workflows or requir-
ing manual operation. By removing manual cali-
bration and subjective judgment from the pro-
cess, automation improves data uniformity and 
ensures timely, reliable results. Furthermore, 
such robotic medical devices add no extra 
workload for surgical staff, and can deliver con-
tinuous blood loss updates directly to anesthe-
siologists [46]. 

This study also proposes several design ideas 
for intraoperative blood loss (IBL) monitoring 
systems. For instance, regarding blood absor- 
bed by surgical gauze, we envision an automat-
ed monitoring device that elutes residual blood 
from gauze; the resulting eluate can then be 
analyzed by an automatic detection module. 
That said, there is currently no feasible method 
to directly measure hemoglobin concentration 
inside blood clots, so direct quantification of 
clotted blood remains unachievable at this 
stage. As a practical weight-based workaround, 
we recommend establishing a linear correlation 
between clot weight and corresponding blood 
volume. Since clots formed from blood with  
different hemoglobin concentrations differ in 
weight, a standardized weight correction fac- 
tor must be introduced for calibration. No- 
tably, no weight-based automated equipment 
of this type has been documented in existing 
literature, making it a valuable direction for 
future research and innovation. This multidi-
mensional detection approach is critical to re- 
flecting the true volume of actual perioperative 
blood loss.

Figure 2. Evolution of intraoperative blood loss monitoring paradigms.
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Integration and workflow synergy

Ideally, IBL monitoring systems are only meant 
to complement current workflows, and they are 
not to compete with them. To be more specific, 
both the data acquisition and computation are 
supposed to be active in the background, yet 
with the inactivity of the surgical or anesthesia 
team.

The appropriate bleeding data ought to be pre-
sented in the screen in a cumulative curve, just 
like the one presented in ECG monitors. Such 
systems would be able to produce predictive 
early warning with an appropriate integration of 
these systems. Alerts are automatically issued 
by pre-established thresholds, and only when 
significant clinically, they are issued in form  
of brief and actionable messages. Transfusion 
algorithms or hemodynamic support recom-
mendation can also be correlated directly with 
such alerts.

ceptual terms, AI solutions can enhance accu-
racy, timeliness, and compatibility of workflow 
simultaneously through adaptive learning, and, 
in fantasy, would be used to solve the irrecon-
cilable apparent contradictions between the 
three aspects [47, 48]. Nevertheless, even the 
existing implementations are still constrained 
by black-box operation, the generalization of 
data and the interpretation of the clinical 
meaning.

We would suggest a more realistic and clinically 
plausible application path forward that is to 
install AI into a closed loop mechanism found-
ed on direct automated measurement. Pattern 
recognition, risk prediction and trend extrapo-
lation need to be regarded as the priorities of  
AI when the data that can be trusted upon (e.g. 
heart rate or blood pressure in the arteries) are 
measured constantly. In this paradigm of auto-
mated direct measurement, AI is invaluable or 
cannot be replaced because it can read and 

Figure 3. Conceptual architecture of automated and AI-enhanced intraop-
erative blood loss monitoring.

We suggest a new closed-loop 
architecture as presented in 
Figure 3. This framework in- 
cludes three layers, which are 
interdependent: a perception 
layer that measures data di- 
rectly, an integration layer that 
fuses and multi-source data 
and uses it to help make a 
decision, and a decision layer 
that will rely on AI-enabled  
clinical decision support. IBL 
monitoring systems can be in- 
troduced with existing anes-
thesia information manage-
ment systems (AIMS), vital si- 
gns displays and decision sup-
port dashboards under this 
architecture. This will drama- 
tically improve physician de- 
pendency, which will see the 
system continue to be clinically 
used.

Artificial intelligence and pre-
dictive decision support

Considering the architecture 
depicting in Figure 3, we con-
sider artificial intelligence (AI) 
as an interpretation layer rely-
ing upon reliable and conti- 
nuously obtained data. In con-
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comprehend the numerous streams of data 
created by direct measurement which is what  
is referred to as seamless integration of these 
diverse streams.

On one side, AI is able to do data computed  
and integrated, eliminating human mistakes 
and delays that can take place during the 
course of manual data processing. Moreover,  
it could identify early variations in the trends  
of bleeding that may have been missed by 
observing the patients in a clinical setting, by 
implementing machine learning or deep learn-
ing models and promptly provide intervention 
suggestions. The other benefits of artificial in- 
telligence are that it can match predictions  
to the physiological features of the individual 
patients simultaneously that the recommen- 
dations are in line with the clinician-specific 
characteristics of the individual customers.  
The objective measurement and intelligent in- 
terpretation hybrid type is an approach to pre-
dictive anesthesia management giving a trans-
parent and clinically traceable pathway.

Conclusion

Years of technological progression have not 
made intraoperative blood loss measurement 
to satisfy the necessities of precision, quick-
ness and smooth incorporation, which has 
comparatively confined the progression of the 
perioperative medicine. To cope with this chal-
lenge, this paper will introduce an irrefutable 
triangle framework, which explains why the 
existing previous solutions have failed and 
what directions should be taken to achieve the 
most effective future innovations. We also high-
light that technical precision is not the most 
critical aspect of the successful clinical imple-
mentation of the IBL monitoring technology, 
and it is clinical applicability and decision re- 
levance.

We establish the desirable attributes of future 
IBL monitoring systems. Above all, these sys-
tems should transition to direct, automated 
and integrated measured data, as opposed to 
estimation, to present dependable real-time 
data without disrupting clinical work. Such sys-
tems, in conjunction with artificial intelligence-
based interpretation tools, can enable to con-
vert the intraoperative blood loss monitoring  
as a descriptive indicator to into a predictive 
indicator with support decisions to assist an- 
esthesiologists in developing focused interven-
tion plans.

Acknowledgements

This work was supported by the Gansu Provin- 
cial Key Research and Development Program - 
Industrial Field (Grant No. 26YFGD001).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Zhiping Wang, 
Department of Urology, Lanzhou University Se- 
cond Hospital, #82, Linxia Road, Lanzhou 730030, 
Gansu, China. E-mail: wangzplzu@163.com

References

[1]	 Chen A, Trivedi AN, Jiang L, Vezeridis M, Hen-
derson WG and Wu WC. Hospital blood transfu-
sion patterns during major noncardiac surgery 
and surgical mortality. Medicine (Baltimore) 
2015; 94: e1342.

[2]	 Lenet T, Mcisaac DI, Hallet JH, Jerath A, Lalu 
MM, Nicholls SG, Presseau J, Tinmouth A, Ver-
ret M, Wherrett CG, Fergusson DA and Martel 
G; Ottawa Consensus on Intraoperative Pa- 
tient Blood Management. Intraoperative blood 
management strategies for patients undergo-
ing noncardiac surgery: the ottawa intraopera-
tive transfusion consensus. JAMA Netw Open 
2023; 6: e2349559.

[3]	 Rybaczek M, Kowalski P, Mariak Z, Grabala M, 
Suszczyńska J, Łysoń T and Grabala P. Safety 
in spine surgery: risk factors for intraoperative 
blood loss and management strategies. Life 
(Basel) 2025; 15: 1615.

[4]	 Preisser F, Pompe RS, Salomon G, Rosen- 
baum C, Graefen M, Huland H, Karakiewicz PI 
and Tilki D. Impact of the estimated blood loss 
during radical prostatectomy on functional out-
comes. Urol Oncol 2019; 37: 298.e11-298.
e17.

[5]	 Gerdessen L, Meybohm P, Choorapoikayil S, 
Herrmann E, Taeuber I, Neef V, Raimann FJ, 
Zacharowski K and Piekarski F. Comparison  
of common perioperative blood loss estima-
tion techniques: a systematic review and meta-
analysis. J Clin Monit Comput 2021; 35: 245-
258.

[6]	 Dildy GA 3rd, Paine AR, George NC and Velasco 
C. Estimating blood loss: can teaching signifi-
cantly improve visual estimation? Obstet Gyne-
col 2004; 104: 601-606.

[7]	 Toledo P, Mccarthy RJ, Hewlett BJ, Fitzgerald 
PC and Wong CA. The accuracy of blood loss 
estimation after simulated vaginal delivery. 
Anesth Analg 2007; 105: 1736-1740, table of 
contents.

[8]	 Vitello DJ, Ripper RM, Fettiplace MR, Wein- 
berg GL and Vitello JM. Blood density is nearly 

mailto:wangzplzu@163.com


Rethinking intraoperative blood loss monitoring

70	 Int J Burn Trauma 2026;16(2):59-71

equal to water density: a validation study of  
the gravimetric method of measuring intraop-
erative blood loss. J Vet Med 2015; 2015: 
152730.

[9]	 Ambardekar S, Shochet T, Bracken H, Coyaji K 
and Winikoff B. Calibrated delivery drape ver-
sus indirect gravimetric technique for the mea-
surement of blood loss after delivery: a ran-
domized trial. BMC Pregnancy Childbirth 2014; 
14: 276.

[10]	 Meiser A, Casagranda O, Skipka G and Lauben-
thal H. Quantification of blood loss. How pre-
cise is visual estimation and what does its ac-
curacy depend on? Anaesthesist 2001; 50: 
13-20.

[11]	 Maslovitz S, Barkai G, Lessing J B, Ziv A and 
Many A. Improved accuracy of postpartum 
blood loss estimation as assessed by simula-
tion. Acta Obstet Gynecol Scand 2008; 87: 
929-934.

[12]	 Lin YM, Yu C and Xian GZ. Calculation methods 
for intraoperative blood loss: a literature re-
view. BMC Surg 2024; 24: 394.

[13]	 Kollberg SE, Häggström AE, Lingehall HC and 
Olofsson B. Accuracy of visually estimated 
blood loss in surgical sponges by members of 
the surgical team. Aana j 2019; 87: 277-284.

[14]	 Jaramillo S, Montane-Muntane M, Gambus PL, 
Capitan D, Navarro-Ripoll R and Blasi A. Peri-
operative blood loss: estimation of blood vol-
ume loss or haemoglobin mass loss? Blood 
Transfus 2020; 18: 20-29.

[15]	 Hahn-Klimroth M, Loick P, Kim-Wanner SZ, Sei-
fried E and Bonig H. Generation and validation 
of a formula to calculate hemoglobin loss on a 
cohort of healthy adults subjected to con-
trolled blood loss. J Transl Med 2021; 19: 116.

[16]	 Della Rocca G and Pompei L. Goal-directed 
therapy in anesthesia: any clinical impact or 
just a fashion? Minerva Anestesiol 2011; 77: 
545-553.

[17]	 Han S, Wu X, Li P, He K and Li J. The impact  
of goal-directed fluid therapy on postoperative 
pulmonary complications in patients undergo-
ing thoracic surgery: a systematic review and 
meta-analysis. J Cardiothorac Surg 2024; 19: 
60.

[18]	 Tan WS, Leow JJ, Marchese M, Sridhar A, Hel-
lawell G, Mossanen M, Teoh JYC, Fowler S, 
Colquhoun AJ, Cresswell J, Catto JWF, Trinh QD 
and Kelly JD; BAUS Section of Oncology. Defin-
ing factors associated with high-quality surgery 
following radical cystectomy: analysis of the 
British association of urological surgeons cys-
tectomy audit. Eur Urol Open Sci 2021; 33: 
1-10.

[19]	 Carson JL, Guyatt G, Heddle NM, Grossman BJ, 
Cohn CS, Fung MK, Gernsheimer T, Holcomb 
JB, Kaplan LJ, Katz LM, Peterson N, Ramsey G, 

Rao SV, Roback JD, Shander A and Tobian AA. 
Clinical practice guidelines from the AABB:  
red blood cell transfusion thresholds and stor-
age. JAMA 2016; 316: 2025-2035.

[20]	 Harada S, Abe T, Furumido J, Takahashi K, Hori 
K, Abe N, Kon M, Murai S, Miyata H, Kikuchi H, 
Matsumoto R, Osawa T and Shinohara N. A 
prospective study of surgeons’ workloads and 
associated factors in real-world practice. Sci 
Rep 2024; 14: 9741.

[21]	 Mueller MM, Van Remoortel H, Meybohm P, 
Aranko K, Aubron C, Burger R, Carson JL, Ci-
chutek K, De Buck E, Devine D, Fergusson D, 
Folléa G, French C, Frey KP, Gammon R, Levy 
JH, Murphy MF, Ozier Y, Pavenski K, So-Osman 
C, Tiberghien P, Volmink J, Waters JH, Wood 
EM and Seifried E; ICC PBM Frankfurt 2018 
Group. Patient blood management: recom-
mendations from the 2018 frankfurt consen-
sus conference. JAMA 2019; 321: 983-997.

[22]	 Siegmueller C, Maties O, Gelb A. Anesthesia 
for meningioma surgery. Handb Clin Neurol 
2020; 169: 285-295.

[23]	 Gammon RR, Dubey R, Gupta GK, Hinrichsen 
C, Jindal A, Lamba DS, Mangwana S, Rad-
hakrishnan Nair A, Nalezinski S and Bocquet 
C. Patient blood management and its role in 
supporting blood supply. J Blood Med 2023; 
14: 595-611.

[24]	 Ning C, Ouyang H, Shen D, Sun Z, Liu B, Hong 
X, Lin C, Li J, Chen L, Li X and Huang G. Predic-
tion of survival in patients with infected pan-
creatic necrosis: a prospective cohort study. 
Int J Surg 2024; 110: 777-787.

[25]	 Tamagawa H, Numata M, Aoyama T, Kazama 
K, Atsumi Y, Iguchi K, Sawazaki S, Sato S, Kano 
K, Ohshima T, Yamada T, Godai T, Higuchi A, 
Saeki H, Yukawa N and Rino Y. Impact of intra-
operative blood loss on the survival of patients 
with stage II/III colorectal cancer: a multicenter 
retrospective study. In Vivo 2021; 35: 3483-
3488.

[26]	 Tamagawa H, Aoyama T, Kano K, Numata M, 
Atsumi Y, Hara K, Kazama K, Koumori K, Mu-
rakawa M, Hashimoto I, Maezawa Y, Yamada T, 
Yukawa N, Yoshikawa T, Masuda M, Oshima T 
and Rino Y. The impact of intraoperative blood 
loss on the long-term prognosis after curative 
resection for Borrmann type IV gastric cancer: 
a retrospective multicenter study. Anticancer 
Res 2020; 40: 405-412.

[27]	 Johar RS and Smith RP. Assessing gravimetric 
estimation of intraoperative blood loss. J Gyne-
col Surg 1993; 9: 151-154.

[28]	 Doctorvaladan SV, Jelks AT, Hsieh EW, Thurer 
RL, Zakowski MI and Lagrew DC. Accuracy of 
blood loss measurement during cesarean de-
livery. AJP Rep 2017; 7: e93-e100.

[29]	 Nowicki PD, Ndika A, Kemppainen J, Cassidy J, 
Forness M, Satish S and Hassan N. Measure-



Rethinking intraoperative blood loss monitoring

71	 Int J Burn Trauma 2026;16(2):59-71

ment of intraoperative blood loss in pediatric 
orthopaedic patients: evaluation of a new 
method. J Am Acad Orthop Surg Glob Res Rev 
2018; 2: e014.

[30]	 Konig G, Holmes AA, Garcia R, Mendoza JM, 
Javidroozi M, Satish S and Waters JH. In vitro 
evaluation of a novel system for monitoring 
surgical hemoglobin loss. Anesth Analg 2014; 
119: 595-600.

[31]	 Tomo A, Pekdemir M, Ozturan IU, Dogan NO, 
Yaka E and Yilmaz S. Use of noninvasive vol-
ume assessment methods to predict acute 
blood loss in spontaneously breathing volun-
teers. Clin Exp Emerg Med 2021; 8: 9-15.

[32]	 Oshima M, Shimada Y, Takeuchi H and Kinoshi-
ta K. Blood loss estimation during laparoscop-
ic myomectomy using HemoCue. J Nippon Med 
Sch 2005; 72: 226-229.

[33]	 Meunier A, Petersson A, Good L and Berlin G. 
Validation of a haemoglobin dilution method 
for estimation of blood loss. Vox Sang 2008; 
95: 120-124.

[34]	 Gross JB. Estimating allowable blood loss: cor-
rected for dilution. Anesthesiology 1983; 58: 
277-280.

[35]	 Zajak J, Páral J, Sirový M, Odložilová Š, Vin-
klerová K, Lochman P and Čečka F. Blood loss 
quantification during major abdominal sur-
gery: prospective observational cohort study. 
BMC Surg 2024; 24: 5.

[36]	 Berkow L, Rotolo S and Mirski E. Continuous 
noninvasive hemoglobin monitoring during 
complex spine surgery. Anesth Analg 2011; 
113: 1396-1402.

[37]	 Lopez-Picado A, Albinarrate A and Barrachina 
B. Determination of perioperative blood loss: 
accuracy or approximation? Anesth Analg 
2017; 125: 280-286.

[38]	 Brecher ME, Monk T and Goodnough LT. A 
standardized method for calculating blood 
loss. Transfusion 1997; 37: 1070-1074.

[39]	 Anya SU, Onyekwulu FA and Onuora EC. Com-
parison of visual estimation of intra-operative 
blood loss with haemoglobin estimation in  
patients undergoing caesarean section. Niger 
Postgrad Med J 2019; 26: 25-30.

[40]	 Takanishi DM, Yu M, Lurie F, Biuk-Aghai E,  
Yamauchi H, Ho HC and Chapital AD. Peri- 
pheral blood hematocrit in critically ill surgical 
patients: an imprecise surrogate of true red 
blood cell volume. Anesth Analg 2008; 106: 
1808-1812.

[41]	 Yeung CY, Yim WW, Chan SY, Lo RSL, Leung LY, 
Hung KKC and Graham CA. Improvement of 
blood loss volume estimation by paramedics 
using a pictorial nomogram: a developmental 
study. Injury 2017; 48: 2693-2698.

[42]	 Konig G, Waters JH, Hsieh E, Philip B, Ting V, 
Abbi G, Javidroozi M, Tully GW and Adams G. In 

vitro evaluation of a novel image processing 
device to estimate surgical blood loss in suc-
tion canisters. Anesth Analg 2018; 126: 621-
628.

[43]	 Health NIF and Excellence C. Blood transfu-
sion. NG24[J], 2015.

[44]	 Carson JL, Stanworth SJ, Guyatt G, Valentine S, 
Dennis J, Bakhtary S, Cohn CS, Dubon A, 
Grossman BJ, Gupta GK, Hess AS, Jacobson 
JL, Kaplan LJ, Lin Y, Metcalf RA, Murphy CH, 
Pavenski K, Prochaska MT, Raval JS, Salazar E, 
Saifee NH, Tobian AAR, So-Osman C, Waters J, 
Wood EM, Zantek ND and Pagano MB. Red 
blood cell transfusion: 2023 AABB internation-
al guidelines. JAMA 2023; 330: 1892-1902.

[45]	 Baker L, Park L, Gilbert R, Ahn H, Martel A, 
Lenet T, Davis A, McIsaac DI, Tinmouth A, Fer-
gusson DA and Martel G. Intraoperative red 
blood cell transfusion decision-making: a sys-
tematic review of guidelines. Ann Surg 2021; 
274: 86-96.

[46]	 Amini Rarani S. Smart technologies and digital 
innovations for improving perioperative patient 
safety: a review. Patient Saf Surg 2025; 19: 
31.

[47]	 Perez Pachon ME, Santaella JT, Oñate C, Oñate 
D, De Freitas J, Borras Osorio M and Hoyos AE. 
Artificial intelligence-driven blood loss predic-
tion in large-volume liposuction: enhancing 
precision and patient safety. Plast Reconstr 
Surg 2026; 157: 63e-70e.

[48]	 Shi X, Cui Y, Wang S, Pan Y, Wang B and Lei M. 
Development and validation of a web-based 
artificial intelligence prediction model to as-
sess massive intraoperative blood loss for 
metastatic spinal disease using machine 
learning techniques. Spine J 2024; 24: 146-
160.

[49]	 Kara D, Abacı H, Soygazi F and Gürsoy F. Fifty 
shades of Red! - Utilizing machine learning for 
estimating blood loss on surgical sponges. 
Surg Innov 2025; [Epub ahead of print].

[50]	 Mainland JF. A simple photo-electric method 
for the estimation of blood loss during surgery. 
Br J Anaesth 1966; 38: 76-78.

[51]	 Lyon M, Blaivas M and Brannam L. Sonograph-
ic measurement of the inferior vena cava as a 
marker of blood loss. Am J Emerg Med 2005; 
23: 45-50.

[52]	 Awada WN, Mohmoued MF, Radwan TM, 
Hussien GZ and Elkady HW. Continuous and 
noninvasive hemoglobin monitoring reduces 
red blood cell transfusion during neurosurgery: 
a prospective cohort study. J Clin Monit Com-
put 2015; 29: 733-740.

[53]	 Chen Y, Hong C, Pinsky MR, Ma T and Clermont 
G. Estimating surgical blood loss volume using 
continuously monitored vital signs. Sensors 
(Basel) 2020; 20: 6558.


