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Blood transfusions have long been the preferred treatment for severely anemic 

patients in medical practice, but recent studies show increased long-term mortality rates 

following a blood transfusion. Physical predictions of the effects of a blood transfusion 

show overall decreased oxygen delivery, in contradiction with the observed improved 

delivery in practice. To further explore this, Golden Syrian Hamsters were made anemic 

to 50% hematocrit deficiency and then transfused differing amounts of 70-72% pRBC 
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blood units. The average percent change in physical parameters was calculated and 

compared between the normal baseline state, anemic state, and the post-transfusion state. 

Results suggest that increase in overall blood flow in response to hemodilution and blood 

transfusion is a major contributing factor in increasing oxygen delivery, in addition to 

increasing hematocrit levels. Further experimentation to confirm the effective degree of 

blood flow on increased oxygen delivery post-transfusion is a promising path to gaining 

deeper understanding of the physical effects of blood transfusion in anemic patients.
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I. Introduction 

Anemia is one of the leading health problems in the world, with approximately 

1.62 billion people affected – almost a quarter of the global population (World Health 

Organization, 2008). While some diseases are significantly prevalent exclusively in 

certain geographical regions due to environmental factors and/or lifestyle causes, anemia 

is distinctly problematic in that it is a significant health problem in the majority of 

countries in the world. Despite the many possible causes that may lead to anemia, the 

specific populations consistently most affected worldwide are preschool-age children and 

women of child-bearing age (World Health Organization, 2008). Considering the 

demographic importance of these populations most at risk, this makes anemia both very 

much a current and highly relevant global health concern. 

In the US, anemia is consistently documented as one of the major reasons for 

hospitalization (National Center for Health Statistics, 2010), occasionally resolving in 

death. In the year 2013 alone, total deaths in the United States with cause of death 

documented as “anemia” amounted to 4,894 (Centers for Disease Control and Prevention, 

2016). A greater percentage of anemia-caused deaths is assumed to apply to the 

remaining world population, as nutritional deficiency (particularly iron deficiency) is far 

more common in developing countries. While exact statistics are difficult to obtain due to 

vague clinical requirements in declaring anemia as the primary cause of a death and a 

significant lack of proper death documentation in developing countries, the extremely 

high prevalence rates for iron-deficiency anemia can be assumed to lead to greater 

anemia-related mortality rates (Rush, 2000). 
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Anemia is defined in a general sense as an overall decrease in hemoglobin or red 

blood cell mass in the body (Johnson-Wimbley & Graham, 2011). There are many 

different underlying health issues in a person that can lead to a great enough deficiency in 

red blood cells or hemoglobin to result in an anemic condition. While each root cause 

may be unique, one or more of the following mechanisms must ultimately occur in order 

to result in a red blood cell/hemoglobin deficiency: the body is not making enough red 

blood cells, the body is bleeding at a rate faster than red blood cell production, and/or the 

body itself is destroying red blood cells (Mayo Clinic, 2016).  

Depending on the degree of red blood cell deficiency, anemia may be classified 

ranging from mild to severe. Mild anemia, whether chronic or acute, is often rooted in an 

iron or vitamin deficiency and rarely requires treatment beyond nutritional 

supplementation (Matthew W. Short & Jason E. Domagalski, 2013). In contrast, severe 

anemia is a serious condition that often requires immediate medical attention. Acute 

severe anemia may possibly be the result of a severe injury or other major source of 

blood loss, in which case the source of the bleeding must be located and stopped before 

the anemic symptoms are treated. Certain chronic diseases (such as cancer, kidney 

disease, and Crohn’s disease) that interfere with or prevent the production of red blood 

cells in the body can be the cause of severe anemia (Mayo Clinic, 2016). In these severe 

situations, a patient’s anemic symptoms are usually monitored and managed while the 

treatment for the underlying disease is addressed. If and when a patient’s anemic 

symptoms worsen to a critical survival point, then more drastic measures are taken, often 

involving in-patient procedures (National Heart Lung and Blood Institute, 2014). 
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When a patient’s anemia-related symptoms become severe enough to merit 

medical intervention, one of the most common treatments employed by doctors to 

remedy low red blood cell counts is the transfusion of packed red blood cells (pRBCs) 

into the patient. This treatment method is not intended to cure the root cause of the 

patient’s severe anemia, but rather is intended to temporarily stabilize vital signs as 

needed. Although blood transfusion is most common acute treatment for severely anemic 

patients, there is no concrete clinical standard protocol in how many units of pRBCs are 

transfused, how often to transfuse the pRBC units, or what quantifiable threshold should 

be reached before transfusing (Matthew W. Short & Jason E. Domagalski, 2013). Over 

time, however, measured hemoglobin (Hb) blood concentration has become the accepted 

marker signal for blood transfusion. Depending on the age, gender, and pregnancy status 

of an anemic patient, doctors look for Hb concentration to drop to what is considered 

“severe” before transfusing – but this threshold varies from one doctor to another. Mild 

anemia is general diagnosed for adult men and women with 10-13 g/dL (Matthew W. 

Short & Jason E. Domagalski, 2013), while the cut-offs for moderate anemia and severe 

anemia are usually diagnosed for patients with 8-11 g/dL and <8 g/dL, respectively 

(World Health Organization, 2011). 

Common practice among medical care professionals in recent times has been to 

prescribe a blood transfusion of at least one unit of pRBCs once a patient reached a 

hemoglobin blood concentration of <10 g/dL (American Society of Hematology, 2015; 

Jeffrey L. Carson et al., 2012). In the past two decades, studies have gradually shown that 

moderately anemic patients (7-10 g/dL) who do not receive a blood transfusion do in fact 

survive and thrive, experiencing no more statistically significant negative effects than 
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patients with the same Hb levels who did receive blood transfusions (Jeffrey L. Carson & 

Steven Kleinman, 2016). In a study tracking pulmonary artery catheter patients in the 

post-operative state, patients showed excellent physical tolerance and performance at Hb 

blood levels that have been typically considered blood transfusion “trigger” points 

(Casutt, 1999). In an effort to reduce unnecessary medical treatments, blood transfusions 

are now more commonly reserved for those with Hb levels of <7 g/dL, and especially 

patients that show symptoms indicating a higher risk for heart problems and other urgent 

related health issues (National Heart Lung and Blood Institute, 2014). 

There are several downsides and risks of performing a blood transfusion – some 

immediate risks being inherent to the process itself and unavoidable, and some that have 

only recently come to light as possibly serious long-term effects. As with any intravenous 

procedure, there exists an increased risk of health care-associated infection (such as 

pneumonia and sepsis). Among hospitalized patients, the risk of acquiring a serious 

infection as a result of a blood transfusion was shown to be 10.6-12.7% (Jeffrey M. 

Rohde, 2014). Though much improvement has been made in the past few decades 

through advances in blood donor screening and improved sample testing, there 

unfortunately still remains the human error-based risks of inciting an immunological 

response – including immediate death – from transfusion of incompatible blood (ABO-

related) (U.S. Food and Drug Administration, 2015) and of transmitting disease by 

transfusion of infected blood (Bihl, Castelli, Marincola, Dodd, & Brander, 2007). In 

addition, there also exists the unpredictable risk of inciting an immunological response, 

non-fatal and fatal, from non-ABO-related blood incompatibility (U.S. Food and Drug 

Administration, 2015). 
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More recently, there has been a rising awareness of the significance of the risk of 

an increased rate of long-term mortality in patients that have received blood transfusions, 

including patients whom, in the time of transfusion, show no immediate adverse 

reactions. In one long-term study of patients that had undergone an isolated coronary 

bypass grafting, the rate of survival was significantly reduced in patients who received a 

blood transfusion during the grafting compared to those patients who were not transfused, 

within the 10 years following the coronary (Colleen Gorman Koch et al., 2006). A visual 

summarization of these results can be seen in Figure 1. In another long-term study of 

first-time coronary bypass patients, transfused patients experienced a 70% increase in 

mortality compared to non-transfused patients in the 5 years following grafting (Milo C. 

Engoren et al., 2002). These results can be seen in Figure 2. 

 
Figure 1. Survival by transfusion for the entire follow-up period by transfusion status. 

Increasing units of pRBC units transfused was associated with an incremental decrement 

in survival: Black: no transfusion; green: 1 unit; yellow, 2 units; blue 3–5 units; red: 6 

units of red blood cells transfused (Colleen Gorman Koch et al., 2006). 
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Figure 2. Kaplan-Meier estimates of survival and hazard functions in the no transfusion 

(No XFN) and any transfusion (XFN) groups. Five-year (60-month) Kaplan-Meier 

survival curves in patients transfused versus not transfused (Milo C. Engoren et al., 

2002). 

 

Until recently, there has been no dire medical need to explore the exact effects of 

a blood transfusion, since the negative effects of blood transfusion were perceived to be 

mostly limited to immediate adverse reactions, rather than including a serious long-term 

risk of increased mortality. Given the well-documented serious health risks and currently 

growing knowledge of increased long-term mortality associated with blood transfusions, 

there is now a higher demand in understanding the true mechanism and physical effects 

of a transfusion, in the interest of identifying and avoiding the causes of the negative – 

and often dangerous – physiological effects. 

The observed improvements seen in an anemic patient following a blood 

transfusion have long been assumed to be based solely on the increase of Hb 

concentration – and thus oxygen carrying capacity (CaO2) – of a patient’s circulating 



7 

 

 

 

blood. This presumed physical mechanism of a blood transfusion has been accepted for 

decades, however, this mechanism is based purely on physiological theory and disregards 

the significance of contribution that change in blood flow may have on oxygen carrying 

capacity as a result of blood transfusion. Rather, it is widely believed that any positive 

improvement that a patient experiences following a blood transfusion is a result of an 

overall increase in CaO2, and follows the relationship (Messmer, Sunder-Plassmann, 

Klovekorn, & Holper, 1972): 

Eq. 1 

𝐷𝑂2 = 𝐶𝑂 𝑥 𝐶𝑎𝑂2, 

where 

Eq. 2 

𝐶𝑎𝑂2 = 1.34[𝐻𝑏] 𝑥 𝑂2𝑠𝑎𝑡 + 0.003𝑃𝑎𝑂2, 

where 𝑃𝑎𝑂2 is the contribution of oxygen dissolved in plasma, and is negligible. 

 

In theory, transfusing pRBCs into an anemic patient will increase the Hb 

concentration, thus increasing CaO2 and the product of CO and CaO2, which then results 

in an overall increase in DO2. The vital assumption in this viewpoint is that the product 

of CO and CaO2 increases because of an increase in CaO2, while CO remains relatively 

unaffected during the blood transfusion process. In looking closer at this mechanism, 

there arises a contradiction between the presumed effects of a blood transfusion and what 

is apparent from a physical viewpoint. Through experimentations in hemodilution and 

hemoconcentration, it has been observed and generally accepted that there is a notable 

trend in the effect of blood Hct concentration on CO. Experimental studies on 
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hemoconcentration have consistently shown CO to decrease in animals as their Hct 

increases, strongly suggesting an inverse relationship between the two parameters (Kuo 

& Pittman, 1990; Richardson & Guyton, 1959). This inverse relationship has been 

attributed to the increase in blood viscosity, which has been well-documented and known 

to increase directly in proportion with Hct concentration (Martini, Tsai, Cabrales, 

Johnson, & Intaglietta, 2006; Richardson & Guyton, 1959). 

To further support the inverse relationship between CO and blood viscosity 

established through hemoconcentration studies, the opposite experimental scenario of 

hemodilution has also shown the same effects. In several studies where hemodilution was 

performed that resulted in decreased blood viscosity, cardiac output was consistently 

shown to increase proportionally to the decrease in Hct levels of the animal subjects 

(Messmer et al., 1972; Murray, Gold, & B. Lamar Johnson, 1963). 

To further explore this relationship in a physical capacity, we can consider the 

governing equations relating CO with blood viscosity, as has been done by Zimmerman 

et al (Zimmerman et al., 2015). Given the assumption that the body’s blood vessels 

maintain constant diameter and length and thus act as a rigid linear hydraulic system with 

constant pressure, and acknowledging CaO2 as directly proportional to Hct (as seen in 

Eq. 2), the expression for CO as defined by Poiseulle’s equation can be combined with 

Eq. 1 to express DaO2 as a value directly proportional to Hct: 

Eq. 3 

𝐷𝑂2 =
𝑘[𝐻𝑐𝑡]

𝜇
, 

where blood viscosity, 𝜇, is non-linear function of Hct defined as 
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Eq. 4 

µ = 1.22 + 0.00675 𝑥 𝐻𝑐𝑡 𝑥 100 + 0.00208 𝑥 𝐻𝑐𝑡^2 𝑥10^4 

 

This approximation for 𝜇 (Eq. 4) was obtained by fitting data from several 

previous experiments tracking 𝜇 versus Hct levels in both normal and anemic patients 

with the Quemada rheological model. (Zimmerman et al., 2015). 

With any pRBC blood transfusion, the Hct blood level is increased, and thus also 

an increase in overall blood viscosity. Through these calculable predictions, it can be 

seen that this increase in 𝜇 acts against an increase in DO2. In actually evaluating these 

values, it has been shown that there is a predicated overall resulting decrease in DO2 for 

anemic conditions of <60% CaO2 deficit when 0.5-3 units are transfused (assuming 300 

mL of 60% Hct per pRBC). A slight DO2 improvement is predicted only in the case 

where there is an anemic condition of >60% CaO2 deficit and at least 3 pRBC units 

transfused. Realistically, the transfusion of more than 2 pRBC units not common, given 

the growing discouragement of liberal blood transfusion in anemic patients (National 

Heart Lung and Blood Institute, 2014). 

These calculations predict an adverse treatment effect for a blood transfusion 

administered at CaO2 deficiency levels (<60%) and a pRBC unit Hct percentage (60% 

Hct) realistic for a typical hospitalized anemic patient. This is in direct contradiction with 

the improved symptom response and observed in anemic patients that have received a 

blood transfusion, suggesting an additional unknown factor associated with blood 

transfusion that negates the aforementioned negative influence of increased viscosity on 

DO2. We label this phenomenon as the “transfusion anomaly”. 
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To address this transfusion anomaly, we ask the question: what physical effects 

does blood transfusion have on anemic subjects? The Intaglietta/Tsai lab of the 

University of California, San Diego conducted a recent experiment of blood transfusion 

in anemic hamsters, in which measurements of both systemic and microcirculatory 

parameters were collected, allowing for analysis of relevant physical factors including: 

blood flow, blood viscosity, blood pressure, and functional capillary density. This 

analysis is done in an effort to gain further understanding of the factors and mechanisms 

that result in the transfusion anomaly. The aim of this thesis is to contribute in resolving 

the paucity of understanding surrounding the negative effects of blood transfusions 

through the comparison of healthy hamster response in blood flow and oxygen delivery 

to induced anemia by hemodilution and followed by subsequent blood transfusion. 

 

Hypothesis 

Comparing the effects of treating an anemic patient with blood transfusion predicted 

by physical factors and mechanisms shown by in vivo experiments results that simulate 

patient treatment should help resolve the “transfusion anomaly”. 
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II. Methods 

All animal handling and procedures were performed by the Intaglietta Lab of the 

Department of Bioengineering at the University of California, San Diego, and 

experimental procedure was approved by the local Animal Care Committee. Exact 

protocol in animal preparation is documented in detail in previous publication (Cabrales, 

Martini, Intaglietta, & Tsai, 2006). 

The hamster chamber window model was used on male Golden Syrian hamsters. 

All hamsters were identically surgically fitted with chamber implants and allowed to rest 

for 48 hours. Only hamsters that met the inclusion criteria of stability following 

implantation of the chamber windows were included in the experiments. Animals were 

deemed suitable for experimentation if their systemic parameters were within normal 

range (heart rate > 340 beats/min, mean arterial blood pressure > 80 mmHg, systemic Hct 

> 45%, and arterial PO2 > 50 mmHg) and if no signs of edema or bleeding were apparent 

upon examination of tissue in the chamber implantation. Several measurements were 

taken during course of the animal preparation and experimentation, however, three stage 

time points at which parameter measurements were taken will be highlighted for further 

consideration: the normal baseline state, the anemic state, and the post-transfusion state. 

Experimentation was proceeded with for those animals that met the inclusion 

criteria after the 48 hour rest period. Measurements taken at this time point are 

considered the values for the “normal baseline” state. Following parameter measurements 

at the normal baseline, all hamsters were then subjected to progressive, stepwise, 

isovolemic hemodilution using 5% human serum albumin to decrease red blood cell 

(RBC) volume and achieve a final acute anemic state totaling 60% of original blood 
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volume (50% deficiency). All animals were left in this hemodiluted state for 24 hours to 

ensure stability, at which point parameter measurements were taken. Measurements taken 

at this time point are considered the values in the anemic state. 

Here, the anemic hamsters were divided into 4 experimental groups (Group H, A, 

B, and C), in which each group of hamsters were to receive a designated amount of units 

of pBRCs. All transfused blood used in all experiments was concentrated hamster blood 

unit measuring at 70-72% Hct in pRBCs. The designated quantity of blood units 

transfused per group and exact quantity of experimental subjects assigned to each group 

are detailed in Table 1. 

Table 1. Table of quantity of blood units and animals designated per experimental group. 

 

Units Blood Transfused 
Animals Assigned 

to Group 
Animals Considered 

in Calculation 

Group H 1/4 9 4 

Group A 1/2 14 14 

Group B 1 11 10 

Group C 2 11 10 

 

Following blood transfusion, the animals were allowed to rest, and parameter 

measurements were taken at both the 1 hour and 2 hour mark post-blood transfusion. 

Measurements taken at the 2 hour mark after blood transfusion are considered the 

parameter values for the post-transfusion state. Only animals for which measurements of 

all parameters were recorded were considered in the calculations of experimental result 

calculations, as quantified in Table 1. 

The systemic parameter values directly measured were Hct blood level and mean 

arterial blood pressure (BP). Relative changes in hematocrit level measurements are 

regarded as indicative of changes in blood viscosity. Relative changes in blood pressure 
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indicates change in its related factors affecting vascular reactivity, including functional 

capillary density. The microcirculatory parameter values directly measured were 

functional capillary density (FCD), blood velocity, and blood vessel diameter. Functional 

capillary density is directly related to blood pressure (Mazzoni, Tsai, & Intaglietta, 2002). 

FCD is a major indicator of microcirculatory function, where greater FCD indicates open 

capillaries, leading to greater oxygen delivery into tissue, whereas indicates collapsed 

capillaries and impaired tissue function (Kurger, Saltzman, Menger, Messmer, & 

Intaglietta, 1996). Direct measurements of blood vessel inner diameter and blood velocity 

were taken separately for both arterial and venous blood vessels. The relative value 

Eq. 5 

𝐵𝑙𝑜𝑜𝑑 𝑓𝑙𝑜𝑤 = 𝐵𝑙𝑜𝑜𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑥 (𝐵𝑙𝑜𝑜𝑑 𝑣𝑒𝑠𝑠𝑒𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟)2 

was used to calculate the change in volumetric blood flow between two measurement 

time points, and overall blood flow is calculated as the average of both arterial and 

venous blood flow. Blood flow is a major factor in determining oxygen delivery, as they 

relate in Equation 1, where blood flow is the directly related factor in approximating 

cardiac output (CO). 
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III. Results 

The following results will be reported as percent change in each parameter being 

considered, from one time point to the next. The two time point state changes considered 

are: Normal Baseline State to Hemodiluted Anemic State, and Hemodiluted Anemic State 

to Post-Blood Transfusion. 

Normal Baseline to Anemic State 

The changes in parameter measurement values from the normal baseline to the 

anemic state (as seen in Figure 3) are reported as average percent changes for all animals 

included in calculations, as all animals experienced the same hemodilution procedure. 

The average percent change in Hct is - 46.4% ± 3.1%, which is within the expected 

decrease, as the hemodilution procedure was aimed for a 50% deficiency. It can be noted 

that there is a relatively small standard deviation in all parameters except for change in 

blood flow, both arterial and venous, and oxygen delivery rate (DO2). We see a large 

variation in the overall blood flow, as its value is calculated from the values for arterial 

and venous blood flow. As a result from the large variation in blood flow, we also note 

the relatively large variation in DO2, with an average percent change of -33.6% ± 19%. 



15 

 

 

 

 
Figure 3. Average percent change in parameter measurements with standard deviation of 

blood pressure (BP), hematocrit (Hct), functional capillary density (FCD), oxygen 

delivery (DO2), arterial blood flow, venous blood flow, and overall blood flow, from the 

normal baseline measurement time point to the anemic state measurement time point. 

 

Anemic State to Post-Blood Transfusion State 

 The changes in parameter measurement values from the hemodiluted anemic 

state to the post-blood transfusion state are reported as average percent changes in each 

parameter, separately for all animals in each research group (H, A, B, and C). 

As can be seen in Figure 4, the Hct measurement levels increases in direct 

proportion with the amount of units of pRBCs transfused into the animals of each group, 

as would be expected. Change in blood pressure is seen in Figure 5, where it can be noted 

that there is no significant change in going from the first to second time point in all 

groups except for a relatively slight increase of 11% ± 8% in animals that received 2 units 

of blood. Average percent change in FCD is seen in Figure 6, where we see no 
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discernable trend across the different experimental groups, along with relatively large 

variation in the values within each group. The average percent change in both arterial and 

venous blood flow can be seen in Figure 7. We can see a general trend of increasing 

magnitude of change in arterial blood flow with increasing blood units transfused. The 

average percent changes are relatively large across all units, but with large variations in 

the values between the groups, as well as large variations within the groups themselves, 

as indicated by the standard deviations of the same magnitude of the mean values 

themselves. The average percent change in venous blood flow can be seen to be 

approximately + 23% ± 20% across all blood unit groups. The trend seen in average 

percent change in overall blood flow, as seen in Figure 8, is directly representative of the 

trend in arterial blood flow, as the change in venous blood flow is approximately constant 

across experimental groups. Finally, we see a trend of increasing DO2 with increasing 

units of blood transfused, though not a clearly linear, as the change between 1 and 2 units 

is minimal – 62% and 67% increase, respectively. 
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Figure 4. Average percent change in measured values of Hct in each experimental group 

from the anemic state measurement time point to the post-transfusion measurement time 

point.  

 
Figure 5. Average percent change in measured values of BP in each experimental group 

from the anemic state measurement time point to the post-transfusion measurement time 

point. 
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Figure 6. Average percent change in measured values of FCD in each experimental 

group from the anemic state measurement time point to the post-transfusion measurement 

time point. 

 
Figure 7. Average percent change in calculated values of arterial and venous blood flow 

in each experimental group from the anemic state measurement time point to the post-

transfusion measurement time point, as calculated from arterial and venous blood 

velocity and diameter. 
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Figure 8. Average percent change in calculated values of overall blood flow in each 

experimental group from the anemic state measurement time point to the post-transfusion 

measurement time point, as calculated from arterial and venous blood flow. 
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Figure 9. Average percent change in calculated values of oxygen delivery in each 

experimental group from the anemic state measurement time point to the post-transfusion 

measurement time point, as calculated from blood flow and Hct. 
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flow versus the average percent change in a parameter exclusively for each experimental 

group’s “above” or “below” class, with standard deviation. 

As seen in Figure 10, little correlation can be inferred between the change in BP 

and the change in blood flow. A change in BP is seen only for the experimental group C, 

in which the animals had the most blood was transfused (2 units), though the blood flow 

increase was not as substantial as that of experimental group B (1 unit transfused). 

Conversely, in Figure 11, we see that all blood flow increases were relatively minor, but 

all experimental groups demonstrated a slight average increase in BP, seemingly 

unrelated to the number of units transfused. In Figure 12 and Figure 13, we see no 

substantial change in the FCD, regardless of magnitude of blood flow change or units 

transfused. Concerning Hct, we that in both the “above” and “below” classes (Figure 14 

and Figure 15, respectively), we notice a general linear trend of increasing change in 

blood flow as Hct levels increase. This trend is accompanied by relatively large standard 

deviations. Lastly, Figure 16 and Figure 17 show change in DO2. We notice no 

significant increase in DO2 except for the higher blood unit experimental groups – 

specifically group C in the “above” class, which also showed the greatest average blood 

flow increase. 
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Figure 10. Average percent change in overall blood flow versus average percent change 

in BP for hamsters whose blood flow change was greater than the group average. 

 

Figure 11. Average percent change in overall blood flow versus average percent change 

in BP for hamsters whose blood flow change was less than the group average. 
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Figure 12. Average percent change in overall blood flow versus average percent change 

in FCD for hamsters whose blood flow change was greater than the group average. 

 
Figure 13. Average percent change in overall blood flow versus average percent change 

in FCD for hamsters whose blood flow change was less than the group average. 
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Figure 14. Average percent change in overall blood flow versus average percent change 

in Hct for hamsters whose blood flow change was greater than the group average. 

 
Figure 15. Average percent change in overall blood flow versus average percent change 

in Hct for hamsters whose blood flow change was less than the group average. 
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Figure 16. Average percent change in overall blood flow versus average percent change 

in oxygen delivery for hamsters whose blood flow change was greater than the group 

average. 

 
Figure 17. Average percent change in overall blood flow versus average percent change 

in oxygen delivery for hamsters whose blood flow change was less than the group 

average.  
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IV. Discussion 

In addressing the “transfusion anomaly”, we must consider the two main factors 

that result in an increase of blood oxygen delivery: cardiac output and oxygen carrying 

capacity (see Equation 1). To examine these experimental results, we consider the 

relative change of measured parameters that are directly related to both cardiac output 

and oxygen carrying capacity. To consider the effective percent change in cardiac output 

of an animal in going from one state to another, we consider the change in blood flow, as 

it is calculated from the change in blood vessel diameter and velocity (see Equation 5). 

As discussed earlier, the work of Zimmerman et al. (Zimmerman et al., 2015) established 

the understanding that a blood transfusion provides a relatively insufficient increase in 

oxygen carrying capacity (CaO2) in increasing overall oxygen delivery (DO2) in an 

anemic patient. This is a particularly applicable notion when also considering increased 

blood viscosity’s decreasing effect on cardiac output, which would therefore theoretically 

further the said insufficiency. 

Effect on Blood Flow 

In examining these experimental results, we see that, despite the assumed 

negative effects of blood viscosity on blood flow, there is indeed a pervading principal 

effect observed in all experimental groups: a general increase in blood flow of the 

animals. This increase is seen in both time frames considered - normal baseline to anemic 

state (see Figure 3) and anemic state to post-transfusion state (see Figure 8). Through this 

major observation, we can suggest that the overall major positive effect resulting from a 

blood transfusion is indeed not due to an increase in oxygen carrying capacity (through 
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the increase of Hct and hemoglobin levels in the blood), but primarily due to the increase 

in blood flow through the body. 

Blood Viscosity Effect on Blood Flow 

When considering the root causes for the observed positive change in blood flow 

for the normal baseline state to the anemic state time frame, we recall one of the basic 

physiological responses to anemia – increased cardiac output –that results in increased 

blood flow. This is a symptomatic response to a deficiency in hemoglobin or hematocrit, 

and is traditionally attributed to the decrease in blood viscosity (Mayo Clinic, 2016). In 

our experiment, the assumed decrease in blood viscosity is confirmed by the observed 

decrease in Hct levels seen in Figure 3 across all animals, with little variation observed. 

Continuing on to evaluate the physical effect of increased blood viscosity leads us 

to consider the increase in shear stress on the blood vessel walls. As visually 

demonstrated in Figure 18, Poiseulle’s law dictates that both an increase in blood 

viscosity and an increase in blood flow rate would directly result in an increase in shear 

stress on the endothelial blood vessel walls. One of the major physiological responses of 

increased shear stress on endothelial vessel walls is the triggered pathway release of nitric 

oxide (NO) (Kolluru et al., 2010). NO acts as a vasodilator, widening the vessel walls, 

which would in turn have an increasing effect on blood flow. In going from the normal 

baseline to the anemic state, our experimental results show the hamsters experienced a 

general increase in blood flow, but also a decrease in blood viscosity. Each animal’s 

overall measured blood flow would depend on its unique degree of response to each 

affecting factor on shear stress (decreased blood viscosity and increased blood flow). 

Given the natural variation in each hamster’s physical response to the net effective 
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change in shear stress acting on its endothelial vessel walls, we would expect to see a 

large variation in the measured blood flow in the anemic state. Indeed, we do observe this 

in Figure 3. 

 
Figure 18. Cross-sectional schematic diagram of a blood vessel illustrating 

hemodynamic shear stress, τs, the frictional force per unit area acting on the inner vessel 

wall and on the luminal surface of the endothelium as a result of the flow of viscous 

blood (Wang, Smith, Sankar, Yun, & Huang, 2015). 

When considering the change in blood flow for the anemic state to the post-

transfusion state time frame, as seen in Figure 7 and Figure 8, this overall increase in 

blood flow seems approximately independent of the amount of units of blood transfused. 

The data suggests a possible slight positive linearity, however, the large variations in 

measurements prevent us from confirming a linear relationship between an increasing 

change in blood flow and increasing amount of blood transfused in the anemic patients.  

This is particularly identifiable in the lesser magnitude of increased blood flow observed 

when 2 units of blood is transfused than when 1 unit was transfused. 
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In contrast to the hemodilution, there is an increase in blood viscosity during 

blood transfusion. However, unlike during hemodilution, both blood viscosity and blood 

flow are increased. Each animal’s response to these factors, though still varied in degree 

of magnitude, would only lead to an additional increase in shear stress. And again, an 

increase in shear stress would stimulate the release of the vasodilator NO, finally 

resulting in a further increase in blood flow, as would be observed in the measurements in 

the post-transfusion state. 

Immune Response Effect on Blood Flow 

There is notable variation in each individual experimental group concerning 

change in blood flow, and thus also in oxygen delivery rate. This prompts us to further 

explore the cause of such wide degree of response from animal to animal, despite the 

animals experiencing the same stimuli within the same experimental group. Considering 

the invasive nature of both a hemodilution procedure and a blood transfusion, it is 

plausible that an inflammatory response is being activated in each animal. Given that 

each animal’s immune system is slightly different, we would expect a variation in degree 

of immune response that reflects the differences in each animal’s unique genetic build. 

Previous evidence exists strongly supporting that the blood transfusion itself elicits an 

immune response (Intaglietta Lab, 2015). As seen in Figure 19, hemodiluted/anemic 

hamsters exhibited a significant increase in three out of four measured cytokines that are 

known immune response markers. A further significant increase in the blood levels of the 

same cytokines followed pRBC blood transfusions. It is then logical to assume a similar 

immune response from anemic hamsters not only during the hemodilution phase, but also 

during the blood transfusion stage.  
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Figure 19. Cytokines in 50-60% anemia and after blood transfusion (Intaglietta Lab, 

2015). 

Continuing the consideration of an ongoing immune response, one possible factor that 

could possibly be heavily contributing to the observed large variations in blood flow 

increases could be rooted in the immune response-related production of NO. As with any 

typical inflammatory response in an animal, an eventual release of NO occurs (Wallace, 

2005). NO’s vasodilating effect can only lead to greater blood flow, and thus greater 

delivery of oxygen. 

“Maximal” Blood Flow Response 

To further hypothesize on the cause of variation in blood flow increase in flow 

due to hemodilution/anemia and the blood flow increase due to blood transfusion, we can 

explore the possibility that the two periodic increases may be related through a 

“maximal” blood flow increase. That is, there may be a possible plateau in which an 

animal may increase their blood flow as a response to any of the aforementioned factors. 
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The possible “maximal” blood flow increase maybe be different from one animal to 

another, and following from this, we may see that an animal’s first blood flow increase as 

a response to hemodilution is complemented by its subsequent blood flow increase as a 

response to blood transfusion. In this theory, the individual increases may be summed 

and limited by the finite “maximal” blood flow increase of which the animal is capable. 

This theoretical finite maximum could possibly be based on: an innate limit to endothelial 

response to increased shear stress, an innate physical maximum amount of NO of which 

an animal is capable of producing, or a combination of these and/or other factors. 

In an effort to briefly evaluate this “maximal” theory, we can examine the blood 

flow increases observed in the animals for the anemic state to post-transfusion state. 

Looking back at Figure 10 and Figure 11, we see greater change in BP in the data of the 

below class, but no noticeable trend concerning units of blood transfused. Only group C 

shows any significant change in BP (and increase of 15%), but the wide standard 

deviation prevents any conclusions to be confirmed. In Figure 12 and Figure 13, we see 

no discernable trend in change in FCD as it relates to blood flow change. It can be noted 

that higher unit groups (B in the above class and C in the below class) have higher 

average changes in FCD, but the remaining complication of relatively large standard 

deviation leaves the results inconclusive. We begin to see a possible rough trend of 

greater increase in Hct as change in blood flow increases, seen in Figure 14 and Figure 

15. While groups A and B don’t follow the trends in either the above or below class, their 

large variation leaves the possibility open. We know that increased levels of Hct implies 

increased blood viscosity, and from these results, we see a greater animal response of 

higher blood flow. This is a good example of the “transfusion anomaly” – rather than 
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seeing a decrease in blood flow due to the physical hindrance of increased viscosity, we 

instead see an increase in blood flow, thus suggesting improved oxygen delivery. Lastly, 

we consider the change in oxygen delivery itself, as seen in Figure 16 and Figure 17. We 

do see a greater increase in oxygen delivery for groups B and C (higher blood units 

transfused), however, the apparent variation as indicated by the standard deviations are 

too large to confirm this suggested trend. In both the above and below classes, we see 

virtually no change in oxygen delivery – with little variation – for groups H and A (less 

blood units transfused), despite their given significant increases in blood flow. This 

suggests that an increase in blood flow and at least 1 unit of blood must happen in order 

for the animal to experience any significant positive increase in oxygen delivery from its 

anemic state. 

While our experimental results include large standard deviations for certain key 

data points that prevent us from confirming any parameter trends for certain, the 

possibility of a complementary blood flow increase system cannot be excluded.  

Limitations 

There are a few key limitations in experimental setup that can be noted as possible 

extra sources of data variation, helping prevent us from confirming any relationships 

between specific parameters. As seen in Table 1, the actual number of animals considered 

for calculation varied from experimental group to group, with Group H particularly 

lacking in relative study size (only 4 animals). There is much possible room for 

improvement in obtaining similar data that has higher statistical significance by simply 

repeating the experiment and largely increasing the number animals recruited for the 

study. 
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Concerning the actual experimental hemodilution procedure, it can be noted that 

5% human serum albumin was used as the diluting agent in the hamsters, which may 

possibly be eliciting an additional immunological response from the animals – thus 

further adding in a factor for variation in the measured parameters. There is no 

distinguishable current literature exploring the reaction of human serum albumin in 

hamsters, so it cannot be ruled out that its use in vivo is indeed creating an immune 

response that raises the blood flow of certain hamsters in the hemodilution stage. 

More generally speaking, we must consider the possibility of the relative 

sensitivity of the specific breed of hamsters employed in this experiment. While hamsters 

are indeed a common research animal used in rheological studies, there is the possibility 

of the animal naturally tending towards drastic responses to any stimuli. While resting 

periods were ensured after the chamber window installment surgery for each animal, we 

can imagine that the long-term immunological response to a foreign implantation is 

varied from one animal to the next. In measuring parameters, especially blood flow in the 

anemic and post-transfusion stage, we could possibly be observing percent changes in 

blood flow value that are far from the real-life anemic scenario because the animal is 

already agitated from implantation and any of the other experimental procedures. This 

could possibly introduce another large source of variation in the measured data
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V. Conclusion 

Despite relatively small experimental subject size and large variation, our data 

suggest that the positive effect of increased oxygen delivery following a blood 

transfusion in an anemic patient is rooted not only in the increase of oxygen carrying 

capacity of the blood through the increase of hematocrit blood levels, but also in the 

significant increase in the overall blood flow of the patient. Variations in the data may be 

rooted in each patient’s innate individual immunological responses to stimuli. 

Future Direction 

There is much room for additional experimentation to further explore the effect of 

blood transfusion in anemic patients, particularly to explore the physiological response of 

change in blood flow as it relates to blood viscosity, functional capillary density, and 

oxygen delivery. To start simply, the specific experimental setup discussed in this paper 

can be repeated with larger subject size to help minimize the significance of error-based 

variation and increase statistical significance of measurements. Future experimentation 

should be encouraged to create a deeper understanding of the physical effects of blood 

transfusion.  
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