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Abstract
In patients with cyanosis from congenital heart disease, erythropoiesis is governed by many factors that may alter the expected relation between oxygen saturation (O2sat) and hemoglobin concentration. We sought to define the relation between O2sat and hemoglobin in such patients and to predict an ideal hemoglobin concentration for a given O2sat.  Adults with congenital heart defects and cyanosis were studied prospectively with blood tests and exercise testing. Non-optimal hemoglobin was defined as any evidence of inadequate erythropoiesis; namely iron, folate, or B12 deficiency, raised erythropoietin, reticulocytosis, or a right-shifted oxygen-hemoglobin curve. For patients without these factors, a linear regression equation of hemoglobin vs.O2sat was used to predict the optimal hemoglobin for all patients. Of 65 patients studied, 21 met all pre-study criteria for optimal hemoglobin. For all patients there was no correlation between O2sat and hemoglobin (r=-0.24), whereas there was a strong linear correlation for those meeting criteria for optimal hemoglobin (r=-0.888, p<0.001).  The optimal hemoglobin regression equation was hemoglobin = 60.5- (0.474 x O2sat).  A negative correlation was found between the hemoglobin difference (predicted minus measured) and exercise duration on  cardiopulmonary exercise testing (R = -0.402, p=0.007) and 6-minute walk distance (R=-0.478, p<0.001).  In conclusion, a strong relation between O2sat and hemoglobin concentration can be shown in stable cyanotic patients and used to predict an optimal hemoglobin. This relation may be useful in defining a functional anemia in this group.
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Introduction
In the clinical care of cyanotic patients with congenital heart disease, there is a need to assess the appropriateness of a measured hemoglobin level for a given oxygen saturation (O2sat).  Although multiple factors may influence both the hemoglobin and the O2sat, a tool to predict the optimal relation between hemoglobin and O2sat would be valuable, particularly for situations where the hemoglobin may be significantly below expected such as post-operative states or following severe hemoptysis.  We hypothesized that by controlling for factors that may alter this relationship, particularly those that may limit erythropoiesis such as iron deficiency, an ideal linear relation could be found.  We further hypothesized that patients with an optimal hemoglobin may be clinically advantaged, as measured by exertional capacity.  We therefore prospectively measured variables that could potentially alter the hemoglobin-O2sat association in order to determine the their optimal relation.  
Methods

We prospectively enrolled consecutive adults with congenital heart disease in a descriptive cross-sectional study.  Patients were included if they had a known congenital defect with right to left shunt.  We included patients with a wide range of O2sat, including some previously repaired patients with normal oxygen saturations at the time of the study.  The majority of patients had coexisting pulmonary hypertension (Eisenmenger physiology).  Patients gave consent and the protocol was approved by institutional ethics review.  All tests were obtained within a 24 hour period.  Other data from this study have been previously reported.7,8
O2sat was measured via transcutaneous spectrometry in the finger after 5 minutes of rest in sitting position.  All patients performed a 6 minute walk test, and distance walked was recorded in meters.  Patients performed treadmill exercise with measured oxygen consumption (VO2) and ventillatory efficiency (Ve/VCO2), as previously described.8   
Blood was drawn in the morning in a non-fasting state via a venous cannula in the antecubital region.  All of the following were measured; hemoglobin concentration, packed cell volume, platelet count, basic serum chemistries, liver function tests, iron, ferritin, transferin saturation, red blood cell vitamin B12, folate, thyroid stimulating hormone, and serum erythropoietin.  Percent hypochromic cells and reticulocyte count were measured by automated coulter counter (Advia 120, Bayer, United Kingdom).  P50 of the O2 -hemoglobin dissociation curve was also measured (Hem-O-Scan, American Instrument Company, Silver Spring, Maryland).  Whole blood viscosity over a range of shear was measured using a rotational viscometer.  Viscosity was then remeasured after the hematocrit was diluted to 45% using autologous serum.7  

After collection of all data, we identified patients with any evidence of potentially inadequate or excessive erythropoiesis, based on at least one of the following a priori criteria: evidence of iron deficiency, B12 or folate deficiency, elevated serum erythropoietin, reticulocytosis, hypochromia, or significant rightward shift of the O2 -hemoglobin dissociation curve (details provided, Table 1).  We also excluded patients based on various clinical criteria, including acute hospitalization, therapeutic phlebotomy within the last 6 months, or recent significant hemoptysis (requiring hospitalization).  Patients with a patent ductus arteriosus and differential cyanosis were also excluded from the optimal category because of uncertainty of what the mean O2sat would be.  Patients using supplemental oxygen regularly were excluded because their O2sat at room air may not accurately reflect their average daily saturation.  
After exclusion of any patient who met the above criteria, a plot of O2sat and measured hemoglobin was made.  A linear relation was defined, together with confidence intervals around this relation.  Based on the regression equation, values for the predicted hemoglobin were made and the difference between the predicted and measured hemoglobin was obtained (Hbdifference) for each patient.  Clinical variables between patients with and without an optimal hemoglobin were compared using Student’s t-test, and correlations using Pearson’s coefficient.  Data were expressed as mean ± SD, and p<0.05 was considered statistically significant.  No adjustment was made for multiple comparisons.

Results
Sixty-five patients were studied (mean age 36 ± 12 years, 67% women).  For the group, resting O2sat was 81 ± 8%, hemoglobin 19.6 ± 2.9 g/dl, and hematocrit 60 ± 8%.  The anatomical diagnoses are shown in Table 2.  No patients were found to have significant renal, liver or thyroid dysfunction.  
Of the patients studied, 44 met at least one criteria for exclusion, and the majority of them met more than one criteria (Table 1).  Exclusions based on clinical grounds included 16 using supplemental oxygen, 8 with differential cyanosis, 10 with recent phlebotomy, and 2 with recent hemoptysis.  The most common exclusion criterion was iron deficiency, many of whom met additional criteria associated with iron deficiency (such as phlebotomy, hemoptysis, P50 shift, or erythropoietin elevation).  After exclusions, 21 patients met all criteria for adequate erythropoiesis. 
For the entire cohort, there was no significant relation between O2sat and hemoglobin (r=-0.24, p=ns, Figure 1).  In contrast, when patients with evidence of inadequate erythropoiesis were excluded, a strong linear relation was found (r=-0.888, p<0.001).   The slope and intercept for the regression line defined a predicted optimal hemoglobin as:  
Hbpredicted = – 0.474 (O2sat) + 60.5
Hbpredicted for a given O2sat including upper and lower confidence intervals were calculated (Table 3 and Figure 2).
In order to establish the clinical relevance of our predicted line, we sought correlations with functional parameters.  Those with optimal hemoglobin had better 6-minute walk test distance (409 ± 117 vs. 337 ± 116 m, p=0.026) and treadmill exercise duration (7.32 ± 2.67 vs. 5.30 ± 2.20 min, p=0.007).  Correlation coefficient values between Hbdifference and outcome variables are shown (Table 4).  There was a significant inverse correlation with 6-minute walk distance (Figure 3) and exercise duration such that a larger difference (ie hemoglobin less than expected) was associated with poorer function.  There was a similar but weaker relation with the Ve/VCO2 slope and heart rate reserve.  These same variables did not correlate with measured hemoglobin (Figure 3, Table 4).  Correlation with peak VO2 and percent of maximum predicted VO2 did not reach statistical significance.  Blood viscosity was not different between optimal and non-optimal groups, even after adjustment for hematocrit (53 ± 9 vs. 48 ± 10 kPa/s respectively at high shear, p=0.31, and 4.36 ± 0.6 vs. 4.40 ± 1.0 kPa/s at low shear, p=0.91).  
Discussion
The concept of determining an ideal set point for erythropoiesis in congenital heart disease with cyanosis is not new.  An “optimal hematocrit” between oxygen delivery and hyperviscosity was studied decades ago,12  although limited by the use of ex-vivo models.13  Few clinical studies address this relationship, largely only in children/adolescents.3,13  A linear relationship has been shown, though less steep than ours,13.4,14  There is a right-shift of the oxyhemoglobin dissociation curve in iron deficient children.15  We also previously reported a less steep relation in iron-replete adults with Eisenmenger.3  Our current study, by comparison, was more fastidious with exclusions, which accounts for the steeper slope and narrower confidence limits found.  Hence, the present study shows a strong linear relationship between hemoglobin and O2sat that clinically distinguishes patients based on exercise capacity.  It can be simplified as: 

Hbpredicted = 61 – (O2sat / 2) 

Because all patients with an O2sat below 75% met criteria for being non-optimal, it is impossible to predict the optimal hemoglobin for such a patient. Extrapolation of our data would predict a very high hemoglobin, which may not be achievable without serious hyperviscosity.  However, any patient with O2sat < 70% is arguably not in a state of balanced erythropoiesis since this must reflect increased tissue oxygen extraction. The highest hemoglobin in our optimal group was 25 g/dl (packed cell volume 73%), in a stable patient.  We previously reported no adverse effects of viscosity on exercise capacity in this population.7  Hyperviscosity and its related symptoms are likely far more complex than ex-vivo methods can measure, and very different at the capillary level in particular.  Daily activity varies from patient to patient and will also affect the drive to erythropoiesis.  

Presence of an optimal hemoglobin does not mean the patient is asymptomatic, since many factors contribute to symptomatology in this group.  We do not address whether manipulation of hemoglobin levels to an “optimal” level as defined here has any impact on symptoms, exercise capacity, or prognosis, though we and others have shown improvement after treatment of iron deficiency in chronic cyanosis.16,17  Exercise capacity also has multiple determinants.  The purpose of comparing exercise data here was solely to determine if the predictive formula had any functional relevance.  Based on the fact that at least a component of exertional capacity correlated with hemoglobin difference but not hemoglobin concentration itself (Figure 3), the relation we defined seems to have clinical significance.  We know of no other means of validating our results. 
Other limitations deserve comment.  As an initial exploration of this relation, we had no guidance on which factors would be most important.  Gender differences were not considered as our study did not have a large enough sample size to justify a separate analysis of men vs. women.  We did not study patients with Fontan physiology though often such patients are mildly cyanotic.  We have no reason to suspect this relation would not be relevant to this group also, though this deserves further investigation.  We do not think our prediction formula should be applied to other cyanotic conditions, such as lung disease, nor to children with congenital heart defects.
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Figure Legends

Figure 1:  Scatter plot for hemoglobin concentration vs. resting oxygen saturation.  For the entire population, there was no significant relation between hemoglobin and oxygen saturation (dotted line).  For patients meeting the criteria for adequate erythropoiesis, a strong linear relation was found (solid line).  Regression equations for optimal patients and for all patients are shown.  
Figure 2.  Predicted O2 saturation-hemoglobin relation.  The relation is based on the regression slope obtained for optimal patients.  Upper and lower confidence limits shown.  Raw values provided in Table 3.

Figure 3:  Correlations between hemoglobin and measured walk distance.  Panel A. The relation between 6 minute walk distance and measured hemogloin was poor.  Panel B  The relation between 6 minute walk distance and predicted-measured hemoglobin was more significant.  A negative hemoglobin difference indicated hemoglobin was higher than predicted.   
TABLE 1

	Variable
	Cutoff
	Normal Range
	N excluded

	Transferrin saturation
	< 20%
	20 – 45
	23

	RBC Folate (mcg/l)
	< 200
	164 – 900
	0

	Vitamin B12  (ng/l)
	<180
	180 – 900
	1

	Serum erythropoietin (IU/l)
	>25
	Variable
	9

	Reticulocyte count  (%)
	> 2
	< 2%
	9

	Hypochromic cell count (%)
	>6
	< 6%
	7

	P50 of the O2-Hb dissociation curve (mmHg)
	> 29
	25 – 29
	9


Table 1.  Pre-study criteria for determination of adequate erythropoiesis.  Patients who met all of these criteria were considered to have optimal hemoglobin.  Number of patients excluded is also shown.  Additional clinical exclusions are listed in the text.  RBC = red blood cell.

TABLE 2

	Diagnosis
	N

	Atrial septal defect
	4

	Ventricular septal defect
	27

	Atrioventricular septal defect
	8

	Patent ductus arteriosus
	8

	Truncus arteriosus
	6

	Transposition of the great arteries
	5

	Pulmonary atresia
	2

	Other Complex
	5

	Total
	65


Table 2:  Study population by anatomical lesion.  Number of patients with each defect are shown.  
TABLE 3

	Oxygen Saturation (%)
	Predicted Hemoglobin (g/dl)
	lower CI (g/dl)
	upper CI (g/dl)

	93
	16.4
	14.7
	18.2

	90
	17.8
	16.4
	19.3

	87
	19.3
	17.9
	20.6

	85
	20.2
	18.9
	21.5

	83
	21.2
	19.8
	22.5

	80
	22.6
	21.0
	24.1

	77
	24.0
	22.2
	25.8

	75
	25.0
	22.9
	27.0

	73
	25.9
	23.6
	28.2


Table 3:  Prediction of optimal hemoglobin for a given oxygen saturation. CI = 95% confidence limit.

TABLE 4

	Functional Variables 
	Measured Hb
	Hb difference 

	
	
	
	 (Predicted - Measured)

	
	R
	P
	R
	P

	Six-minute walk distance (m)
	-0.061
	0.652
	-0.478
	<0.001

	Exercise Duration (minutes)
	-0.195
	0.203
	-0.402
	0.007

	Peak Oxygen Consumption (ml/kg/min)
	-0.189
	0.230
	-0.286
	0.066

	Ventilatory efficiency (Ve/VCO2) slope
	0.145
	0.359
	0.319
	0.039

	Heart rate reserve (beats per minute)
	-0.139
	0.358
	-0.322
	0.029


Table 4.  Correlations between exercise parameters and hemoglobin.   Correlations with measured hemoglobin were not significant, whereas correlation with hemoglobin difference were significant.  The negative relationship indicates that patients with a larger difference (ie hemoglobin lower than expected) had poorer exercise capacity.  
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Figure 2
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Figure 3
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