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Hemodynamic Responses to Rapid Saline Loading
The Impact of Age, Sex, and Heart Failure

Naoki Fujimoto, MD, PhD; Barry A. Borlaug, MD; Gregory D. Lewis, MD; Jeffrey L. Hastings, MD;
Keri M. Shafer, MD; Paul S. Bhella, MD; Graeme Carrick-Ranson, PhD; Benjamin D. Levine, MD

Background—Hemodynamic assessment after volume challenge has been proposed as a way to identify heart failure with
preserved ejection fraction. However, the normal hemodynamic response to a volume challenge and how age and sex

affect this relationship remain unknown.

Methods and Results—Sixty healthy subjects underwent right heart catheterization to measure age- and sex-related
normative responses of pulmonary capillary wedge pressure and mean pulmonary arterial pressure to volume loading
with rapid saline infusion (100-200 mL/min). Hemodynamic responses to saline infusion in heart failure with preserved
ejection fraction (n=11) were then compared with those of healthy young (<50 years of age) and older (=50 years of age)
subjects. In healthy subjects, pulmonary capillary wedge pressure increased from 10+2 to 16+3 mm Hg after ~1 L and
to 20+3 mm Hg after ~2 L of saline infusion. Older women displayed a steeper increase in pulmonary capillary wedge
pressure relative to volume infused (16+4 mm Hg-L~"-m?) than the other 3 groups (P<0.019). Saline infusion resulted in
a greater increase in mean pulmonary arterial pressure relative to cardiac output in women compared with men regardless
of age. Subjects with heart failure with preserved ejection fraction exhibited a steeper increase in pulmonary capillary
wedge pressure relative to infused volume (25+12 mm Hg-L~'-m?) than healthy young and older subjects (P<0.005).

Conclusions—TFilling pressures rise significantly with volume loading, even in healthy volunteers. Older women and patients
with heart failure with preserved ejection fraction exhibit the largest increases in pulmonary capillary wedge pressure and
mean pulmonary arterial pressure. (Circulation. 2013;127:55-62.)

Key Words: age and sex difference m filling pressure m heart failure m stroke volume m volume loading

Intravenous volume infusion increases left ventricular (LV)
end-diastolic volume and filling pressures,! which may be
used diagnostically in certain patient populations. Heart failure
with preserved ejection fraction (HFpEF) is often observed in
elderly women with increased LV stiffening and/or prolonged
relaxation but may be challenging to diagnose, even with invasive
hemodynamic data.?> Diagnostic guidelines recommend rapid
volume challenge or exercise testing to distinguish patients with
pulmonary arterial hypertension, who may experience modest
increases in pulmonary capillary wedge pressure (PCWP), from
those with HFpEF.* However, there are limited data on what
represents a normal versus pathological response of PCWP to
volume infusion.* Similarly, normative data on how pulmonary
arterial pressures respond to increased blood flow and increased
left-side filling pressures with saline infusion are lacking.

Clinical Perspective on p 62

Healthy sedentary aging leads to cardiovascular stiffening,
resulting in impairment of LV diastolic function (prolonged

LV relaxation and decreased LV compliance) and vascular
function.>® In addition, there is sexual dimorphism in the
LV geometric and functional changes with normal aging.’
A greater decline in long-axis velocities, a prolonged time
to peak apical rotation during diastole,'” and increased LV
stiffness through the use of invasive'' and noninvasive tech-
niques'? have been reported in healthy older women compared
with men, suggesting that women are more likely to experi-
ence a reduction in LV diastolic function with age. Therefore,
we speculate that these age- and sex-related changes in LV
diastolic function may contribute to a greater increase in LV
filling pressure during rapid saline infusion in older subjects
compared with younger subjects, especially in women.

Therefore, the purposes of this study were to characterize
the normal hemodynamic response to rapid saline infusion in
healthy subjects, to evaluate age- and sex-related differences
in this response, and to compare the changes in LV filling and
mean pulmonary arterial pressure (MPAP) during saline infu-
sion in healthy subjects with those in HFpEF patients.
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Methods

Sixty healthy subjects (30 men, 30 women; age, 21-77 years) were
prospectively enrolled from the Dallas Heart Study, a population-
based probability sample of individuals in the Dallas community or
a second random sample of employees of Texas Health Resources as
previously reported.’ Eleven HFpEF patients (=65 years of age) were
prospectively enrolled as previously reported.'® This study consists of
2 experiments. Experiment 1 was performed to evaluate the effects of
age and sex on hemodynamic changes after rapid saline infusion in
healthy subjects; experiment 2 was performed to evaluate hemody-
namic changes after rapid saline infusion in HFpEF patients.

Study Subjects
Sixty healthy sedentary subjects were stratified into 4 groups according
to age and sex: young (<50 years of age) men (n=13), older (=50 years
of age) men (n=17), young women (n=13), and older women (n=17).
Subjects were excluded if they were exercising for 230 minutes >2
times per week. All subjects were rigorously screened for comorbidi-
ties, including obesity, lung disease, hypertension, LV wall thickness
>12 mm, coronary artery disease, or structural heart disease at base-
line and by postexercise transthoracic echocardiograms. All subjects
signed an informed consent form, which was approved by the institu-
tional review boards of the University of Texas Southwestern Medical
Center at Dallas and Texas Health Presbyterian Hospital Dallas.
Eleven rigorously screened HFpEF patients (4 men, 7 women) were
enrolled as previously reported.'*> HFpEF patients were defined as hav-
ing a clear history of HF by Framingham criteria plus confirmatory
evidence of pulmonary congestion by chest radiography, biomarker
elevation, or catheterization, plus an ejection fraction >50% at the time
of their index hospitalization."* Hemodynamic responses to rapid saline
infusion were evaluated in HFpEF patients and were compared with
those in healthy young and older subjects in experiment 1. Because
there were more women in the HFpEF group, healthy subjects were
randomly selected to match this male/female ratio in experiment 2
and were stratified into 2 groups: young (<50 years of age; 7 men, 13
women) and older (=50 years of age; 10 men, 17 women) subjects.
Diuretics and [3-blockers were withheld on the morning of the study in
HFpEF patients and were continued as soon as the study was completed.

Experimental Protocol

Protocols for experiments 1 and 2 are shown in Figure 1. A 6F Swan-
Ganz catheter was placed from an antecubital vein under fluoroscopic
guidance to measure PCWP, MPAP, and right atrial pressure (RAP)."
Correct position of the Swan-Ganz catheter was confirmed by fluo-
roscopy and by the presence of characteristic pressure waveforms.>!3
Baseline measurements of PCWP, MPAP, heart rate, and cardiac out-
put were performed. Cardiac output was measured by a modification
of the acetylene rebreathing method.>'* Stroke volume (SV) was de-
termined by cardiac output divided by heart rate.

After baseline data were acquired, warm isotonic saline was infused
through an 18-gauge intravenous cannula placed from the antecubital
vein facilitated at a rate of ~200 mL/min by the use a pneumatic sleeve
compressing the infusate. In some cases, a 20-gauge cannula from an-
tecubital or peripheral vein was used when an 18-gauge cannula could
not be placed, resulting in a slightly slower rate of infusion (100-150
mL/min). Heart rate, MPAP, and RAP were recorded continuously
during saline infusion. Hemodynamic measurements were repeated
after each of the 2 stages of rapid saline infusion as described below.

Saline Infusion Protocol

In experiment 1, 2 stages of rapid saline infusion were performed
(Figure 1). Immediately after 10 to 15 mL/kg of warm isotonic sa-
line (NS1) was infused, PCWP and MPAP were recorded, followed
by measurements of cardiac output within 2 minutes. Saline infusion
was continued at ~10 mL/min after the first rapid infusion period
(NS1) to maintain cardiac filling pressures at steady levels during
NS1 measurements. Then, a second dose of saline was infused at the
same rate (NS2), followed by repeat hemodynamic measurements.

For ease of data comparison, the volume of saline indexed to body
mass during NS1 was matched in men and women (13.7+1.6 versus
13.6+1.5 mL/kg). The absolute volume of saline infused during NS1
was similar between young and older men (1.10+0.16 and 1.11+0.18
L) or between young and older women (0.87+0.12 and 0.87+0.14 L).

In experiment 2, 1 stage of saline infusion was performed at a
similar rate, followed by hemodynamic measurements (Figure 1).
In HFpEF patients, the volume of infused saline was 0.55+0.23 L
(range, 0.30-1.0 L), which was smaller for safety reasons than those
in young (0.95+0.17 L) and older (0.97+0.20 L) subjects. The vol-
ume of saline per body mass in HFpEF was 6.1+1.9 mL/kg, and in
all subjects, the infusion was stopped if pulmonary arterial diastolic
pressure reached 225 mm Hg.

Assessment of LV Morphology

Cardiac magnetic resonance images were obtained with a 1.5-T
Philips NT scanner to evaluate LV mass, volume, and ratio of LV
mass to volume within 1 week of the catheterization.”” LV end-
diastolic volume and mass were measured with a steady-state free
precision imaging sequence as previous reported.>'* During cardiac
catheterization, LV images were obtained by 2-dimensional echocar-
diography at all loading conditions and were analyzed by use of the
modified Simpson method of disks.

Cardiac Catheterization Data

Because external constraints influence LV volumes and pressures,'®
LV end-diastolic transmural filling pressure (LVTMP) was calculated
as PCWP minus RAP."'® The PCWP and SV data were used to con-
struct Starling (SV index/PCWP) curves. LV stroke work index was
calculated as follows: (mean BP-PCWP)xSV index, where BP is
blood pressure, by the acetylene rebreathing method."” LV preload/
stroke work relationships were constructed, and the slopes of the
LV preload/stroke work relationship were used to assess global LV
systolic function. Total peripheral resistance index was calculated as
follows: (brachial mean BP—RAP)x80/CI, where CI is cardiac index.
Transpulmonary gradient was calculated as MPAP minus PCWP, and
pulmonary vascular resistance index was determined as transpulmo-
nary gradient times 80 divided by cardiac index.

Measurements of Blood Volume

Baseline red blood cell volume and total blood volume were mea-
sured by the carbon monoxide rebreathing method only in healthy
subjects.?*?? Briefly, at baseline, blood was drawn to assess hema-
tocrit and venous carboxyhemoglobin levels. After administration
of a priming dose of 99% carbon monoxide, a second dose of car-
bon monoxide was administered. Blood samples were collected 10
minutes after each administration of carbon monoxide, and percent
venous carboxyhemoglobin was measured with a diode-array spec-
trophotometer. The typical error for blood volume by this method in
our laboratory is <3%.!

Statistical Analysis
Statistical analyses were performed with commercially available
software. Data are expressed as mean+SD in tables and as mean+SE
in figures. Baseline hemodynamic and pressure data were analyzed by
1-way ANOVA or ANCOVA with post hoc analysis, and the Kruskal-
Wallis test was used for nonnormally distributed data. For data
obtained during saline infusion, 2-way repeated measures ANOVA
with Tukey post hoc analysis was applied to determine the main
effects for group, loading condition, and interaction and to evaluate
the differences between groups. A linear regression analysis was used
to evaluate the relations between age and hemodynamic variables.
Changes in PCWP, RAP, LVTMP, and MPAP relative to infused sa-
line during NS1 were assessed by the slopes of PCWP/saline, RAP/
saline, LVTMP/saline, and MPAP/saline relationships. The relation-
ship between MPAP and cardiac index augmentation was used to
evaluate MPAP response patterns to increased blood flow into the pul-
monary vasculature during NS1.2 A value of P<0.05 was considered
significant.
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Experiment |
Measurements (base) Measurements (NS1, NS2) Group Infused saline per session
Cardiac oulput 1% minute: PCWP, RAP, MPAP L (mbkg}
PCWP, RAP, MPAP 2 minute: Cardiac output Youngmen 4404016, 143217

Echocardiography

3 -8 minute:

Older men

1112018, 132+1.4

Figure 1. Protocols for experiments 1
and 2. HFpEF indicates heart failure with
preserved ejection fraction; MPAP, mean

pulmonary arterial pressure; NS1 and NS2,
first and second sets of saline infusions;
PCWP, pulmonary capillary wedge pres-
sure; and RAP, right atrial pressure.

Blood draw Echocardiography Youngwomen 0g7:0.12, 14214
Blood draw Older women g7 +0.14, 132215
Instrumentation Saline infusion Saline infusion
Right heart catheter (NS1) (NS2)
Blood pressure cuff
ECG m at 100-200 mi/min at 100-200 mlimin
A I\ I id
~30 ~7 6~8 ~7 6~8 Time (min)
Experiment Il
M (base) | | M (NS1, NS2) Group Infused saline per session
Cardiac output 1% minute: PCWP, RAP, MPAP (mbkg)

PCWP, RAP, MPAP
Echocardiography

2™ minute: Cardiac output
3 ~g™h minute:

Blood draw Echocardiography
Blood draw
Instrumentation Saline infusion

Right heart catheter (Ns"

Blood pressure cuff

ECG o at 100-200 ml/min N
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~30 ~7 6~8 Time (min)
Results

Experiment 1

Ventricular Structure and Hemodynamics at Rest

LV end-diastolic volume and mass were lower in older women
compared with young and older men (Table 1). A modest
inverse correlation was observed between baseline PCWP and
age in men but not in women (Figure I in the online-only Data
Supplement).

Blood Volume Measurements

Red blood cell volume indexed to body mass was smaller in
women than in men. There were no differences in red blood
cell volume or total blood volume by age within the same sex
(Figure II in the online-only Data Supplement). The amounts
of saline infused during NS1 relative to the total blood volume
in young men, older men, young women, and older women
were 0.21+0.03, 0.20+0.03, 0.22+0.02, and 0.22+0.02,
respectively (ANOVA P=0.090).

Hemodynamic Responses to Saline Infusion in Healthy
Subjects
Heart rate and SV significantly increased after NS1 but not
after NS2 in all 4 groups (Figure 2 and Table I in the online-
only Data Supplement). Mean BP increased slightly after NS2
compared with baseline, resulting in decreases in total periph-
eral resistance index in all 4 groups with saline infusion.
Global LV systolic function assessed by the slope of preload/
stroke work relations appeared to be similar between groups
(Figure IIIA in the online-only Data Supplement). The Starling
curves in young and older men showed a larger SV index at
any given PCWP than those in young women during saline
infusion (Figure IIIB in the online-only Data Supplement).
Rapid saline infusion significantly increased average PCWP
in healthy subjects from 10+2 to 163 mm Hg (NS1) and 20+3
mm Hg (NS2; P<0.001; Figure 2). A slower rate of saline
infusion (100-150 mL/min) in young women resulted in an
increase in PCWP similar to that after saline infusion at a rate

HFpEF (mdff7) 0554023, B1+19
Young (m7/f13}) 095+0.17, 142413
Older (M10M17) 0.97 +0.20, 13.2+ 1.4

2150 mL/min (Table II in the online-only Data Supplement).
A PCWP >15 mm Hg, which has previously been proposed
as a partition value for defining elevated LV filling pressures,’
was observed in 62% of the healthy subjects after NS1 and
93% of the subjects after NS2.

As shown in Figure 3, the increase in PCWP for any volume
of saline infused was greater in older women compared with
each of the other 3 groups by both absolute infused volume and
volume indexed to body surface area, suggesting a lower dia-
stolic reserve during rapid volume expansion in older women
(Figure 3C and 3D). When the baseline PCWP and the amount
of saline relative to the absolute total blood volume were used
as covariates, 1-way ANCOVA still showed a steeper PCWP/
saline slope in older women than the other 3 groups (P<0.01).
A greater increase in RAP relative to saline was also observed
in older women compared with older men (10+2 versus 7+1
mm Hg-L-m? P<0.001). The increase in LVTMP in older
women was not statistically different from those in the other
3 groups (ANOVA P=0.157). As shown in Figure 3C and 3D,
the slope describing the increase in PCWP relative to saline
infused increased markedly with age in women but not men
(age-by-sex interaction effect, P=0.01 in Figure 3C and 3D).

In contrast to the modest increase in systemic arterial
BP, there were significant increases in MPAP (~80%) and
transpulmonary gradient (~50%) in all 4 groups (Figure 2 and
Table I in the online-only Data Supplement). Although overall
changes in pulmonary vascular resistance index were similar
among the 4 groups, pulmonary vascular resistance index
appeared to increase slightly in only young and older women
(Table I in the online-only Data Supplement).

The MPAP/saline relation in older women was signifi-
cantly steeper than slopes observed in young and older men
(Figure 4A). Young women also had a tendency toward a
steeper slope of the MPAP/saline relation compared with
men. There were significant sex disparities in the increase
in MPAP relative to cardiac index (ANOVA P<0.018;
Figure 4B). Women had greater MPAP/cardiac index slopes
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Table 1. Subjects’ Characteristics: Experiment 1

Young Men (n=13) Older Men (n=17) Young Women (n=13) Older Women (n=17) P, ANOVA
Age,y 33+7 62+8* 37+9t 64+5*% <0.001
Body weight, kg 78+11 83+8 62+7*t 66+9*t <0.001
Body surface area, m? 1.94+0.19 2.03+0.11 1.68+0.12*t 1.74+0.13*t <0.001
Hemodynamics (supine rest)
Heart rate, bpm 75+8 667 83+10*t 72+7% <0.001
Mean BP, mm Hg 81+4 82+8 80+13 79+9 0.723
Cardiac index (reb), L-min~"-m~2 3.34+0.45 2.97+0.40 3.14+0.68 2.89+0.38 0.082
SV index (reb), mL/m? 45.2+7.4 455+8.5 37.9+6.5*F 40.4+4.0t 0.010
MPAP, mm Hg 16+2 15+4 16+3 15+2 0.968
Mean PCWP, mm Hg 11+2 9+2 10+2 10+2 0.119
RAP, mm Hg 7+2 62 6+1 7+1 0.448
LVTMP, mm Hg 4+1 3+1%t 4+1 3+1%t 0.002
Transpulmonary gradient, mm Hg 5+1 6+2 6+3 6+2 0.368
Ventricular structure (MRI)
LVEDV index, mL/m? 65.6+6.8 63.3+10.5 58.1+7.1 52.0+8.5*F <0.001
LVESV index, mL/m? 22.5+5.0 19.3+5.8 19.4+4.7 14.8+4.4* 0.001
LV mass index, g/m? 60.1+7.3 56.1+6.6 51.9+11.6* 43.7+6.0*t <0.001

BP indicates blood pressure; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular; MPAP, mean pulmonary arterial pressure; MRI, magnetic
resonance imaging; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; reb, by acethylene rebreathing method; SV, stroke volume; and TMP,

transmural pressure. Values are mean+SD.
*P<0.05 versus young men.
1P<0.05 versus older men.
$P<0.05 versus young women.

than men (P<0.065), but within the sexes, there was no age-
related differences in MAP/cardiac index slopes (P>0.50
for men and women).

Experiment 2

HFpEF patients were heavier and had higher BP. LV mass
index and the ratio of LV mass to end-diastolic volume were
significantly greater in HFpEF patients compared with healthy
control subjects, suggesting concentric remodeling in HFpEF.
In these stable outpatients with HFpEF, mean PCWP at supine
rest was relatively controlled; nevertheless, mean PCWP, RAP,
and LVTMP were all significantly higher in HFpEF patients
than in young and older subjects (Table 2). Because of the
risk of precipitating heart failure decompensation, the total
and body size—normalized volume of saline administered was
lower in HFpEF than in control subjects (Figure 1 and Table
3). Similar to healthy subjects, saline infusion increased SV
index, MPAP, PCWP, and RAP in HFpEF patients. After NS1,
a slight increase or no change in RAP with inspiration (Kuss-
maul sign) was observed in >60% of the HFpEF patients and
healthy control subjects, suggesting increased pericardial con-
straint. No HFpEF patients developed overt symptoms of heart
failure during or after saline infusion.

As shown in Figure 5, the slope of the PCWP/saline rela-
tion was steeper in HFpEF than in healthy young and older
subjects. When analyzed individually, HFpEF patients exhib-
ited a steeper PCWP/saline slope (25+12 mm Hg-L~!-m?) than
young and older subjects (12+3 and 14+5 mm Hg-L'-m?
P<0.005). When the baseline PCWP was used as a covariate,
1-way ANCOVA still exhibited a steeper PCWP/saline slope
in HFpEF than young and older subjects (P<0.001).

Compared with healthy young and older subjects, HFpEF
patients also had steeper RAP/saline slope (13+3 versus 8+2
and 9+2 mm Hg-L-"-m?%* P<0.001) and LVTMP/saline slope
(12+10 versus 4+3 and 5+4 mm Hg-L-'-m? P<0.085). The
RAP/saline slopes were significantly correlated to the PCWP/
saline slopes in HFpEF patients, healthy young subjects, and
older subjects (R*=0.466, 0.211, and 0.379; P<0.041). No dif-
ference was observed in PAP/saline slope among the 3 groups
(ANOVA P=0.137).

Discussion

We demonstrate for the first time in healthy humans that rapid
saline infusion increases filling pressures more in older women
compared with men and younger women. More than 90% of nor-
mal volunteers were found to display increases in PCWP to val-
ues previously considered to define HFpEF (>15 mm Hg) with
~2 L saline.>* In addition, the greatest increase in PCWP with
saline infusion was noted in HFpEF, consistent with impaired
diastolic reserve. Finally, the lower diastolic volume loading
reserve observed in older women offers novel insight into the
greater predilection for older-aged women to develop HFpEF.

PCWP Responses to Rapid Saline Infusion in
Healthy Subjects

In animals, increases in LV end-diastolic pressure and
volume after rapid volume challenge have been reported.'
To the best of our knowledge, 1 study has evaluated PCWP
changes during saline infusion in healthy humans.* Contrary
to our results, Kumar et al* observed only a modest increase
in PCWP after infusion at a rate of 1 L/h. With such a slow


http://circ.ahajournals.org/

/102 ‘T snbBny uo 1enb Aq /Bio'sfeuinofeyer0419//:dny wolij papeojumoq

beat/min

SV index

Fujimoto et al

miim?

&0

55

50

45

40

35 Group effect: p = 0.054
Loading eMfect: p < 0.00°
Interaction:  p=0.004

30

Base NS1

NS2

Group effect: p = 0277
Loading effect: p < 0.001
Interaction:  p=0.012

Base NS1

NS2

® Young men (n=13)
A Young women (n=13) & Older women (n=17)

© Oldermen (n=17)

100
80
@
-
E 80
3
T 70
Group effect: p<0.001
&0 Loading etfect: p < 0.001
Interaction:  p=0.230
Base NS1 NS2
mmHg
25
20
=
15
(&)
o
10
Group effect: p =0.007
Loading effect: p < 0,001
5 Interaction:  p = 0.008
Base NS1 NS2

RAP

mmHg

16

Group effect: p=0.054
Loading effect: p < 0,001

Interaction:  p=0.004

Base NS1

NS2

mmHg
8
6
o
E.
>
=
2
Group effect: p=0.339
Loading eMect: p < 0.001
Interaction:  p=0.214
1]
Base N51 N52

*p < 0.05 vs. Older men, tp<0.05vs. Young men, and *p < 0.05 vs. Older women within same loading condition.

rate, fluid is more likely to move from the central circulation
to interstitial spaces® or to be redistributed into the venous
capacitance vessels,” resulting in a blunted PCWP increase.

Effects of Age and Sex on PCWP During Rapid

Saline Infusion

Age increased the gain in filling pressures with saline
infusion in older women. Volume loading shifts the operating
point on the curvilinear LV end-diastolic pressure-volume
relation to a steeper position®®; thus, the absolute increase
in PCWP relative to saline infusion could be accentuated in
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Figure 2. Changes in heart

rate, stroke volume (SV) index,
mean pulmonary arterial pres-
sure (MPAP), pulmonary capillary
wedge pressure (PCWP), right
atrial pressure (RAP), and left
ventricular end-diastolic trans-
mural filling pressure (LVTMP)
during rapid saline infusion. Two-
way repeated measures ANOVA
with post hoc analysis was used.
NS1 and NS2 indicate first and
second sets of saline infusions.
e Indicates young men; o, older
men; A, young women; and A,
older women. *P<0.05 vs older
men, 1P<0.05 vs young men, and
$P<0.05 vs older women within
the same loading condition.

subjects with steep end-diastolic pressure-volume relations.

Pericardial

constraint significantly elevates LV filling

pressure and influences LV chamber compliance.'®* In this
study, the Kussmaul sign was observed in >60% of the control
subjects and HFpEF patients. In most cases, the PCWP
demonstrated greater A and V waves with no prominent y
descent, consistent with coupled pericardial constraint.*® In
older women, a greater increase in RAP was observed during
infusion, whereas the increase in LVTMP was not different
from those in other groups. These findings may suggest that
LV hemodynamics in older women are more affected by
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Figure 3. A and B, Pulmonary
capillary wedge pressure (PCWP)
relative to saline after the first

set of saline infusions (NS1; top
left) and the relationship between
PCWP/saline slope and age (top
right). C and D, PCWP relative

to saline after NS1 (bottom left)
and the relationship between
PCWP/saline slope and age in
healthy subjects (bottom right).
The graphs on the bottom dis-
play indexed values. e Indicates
young men; o, older men; A,
young women; and A, older
women. *P<0.05 vs older women.


http://circ.ahajournals.org/

/102 ‘T snbBny uo 19nb Aq /Bio'sfeuinofeyero410//:dny wolj papeojumoq

60 Circulation

January 1/8, 2013

A MPAP - Saline relation (NS1) B MPAP - Cardiac index relation (NS1)
25 25
20 20
Figure 4. A, Mean pulmonary arterial i =
pressure (MPAP) relative to saline after the E 15 E 15
" e : - £
first set of saline infusions (NS1) in healthy o o
subjects (left). ®Indicates young men; o, x 10 = ©
older men; A, young women; and A, older = Grouped  Incividual = Grouped inaiidual
women. *P<0.05 vs older women. B, MPAP e g mf;w* s T N "

. . . Young men 13 4% Your 7 Bta4
relative to cardiac index after NS1. *P<0.05 5 Oidder men 12 i 5 o ats =
vs older women; 1P<0.05 vs young women. Young women 15 16E4 Young women 12 1355

Older women 19 19+3 Older women 1 13%6
4] + 0 - T - -
00 01 02 03 04 05 06 3.0 35 4.0 45

Saline, L/im?

Cardiac index, L/min/m?

pericardial constraint. HFpEF patients are more likely to
be older women with hypertension and diabetes mellitus.’!
Therefore, our findings may partly explain this age and sex
predilection in the HFpEF population.

® Young men (n=13) C Older men (n=17)
A Young women (n=13) & Older women (n=17)

*p < 0.05 vs. Older women, and 1|:l < 0.05 vs. Young women.

Saline Loading Responses in HFpEF

Greater PCWP/saline slopes were observed in HFpEF patients
compared with healthy subjects. These findings indicate that
HFpEF patients had increased LV stiffening and/or that the

Table 3. Hemodynamic Responses to Saline Infusion:

Table 2. Subjects’ Characteristics: Experiment 2

Young Older Young (n=20) Older (n=27) HFpEF (n=11)
(n=20)  (n=27) HFpEF (n=11) P, ANOVA — : -
Saline infused during NS1, L 0.95+0.17 0.97+0.20  0.55+0.23*t
Female, n (%) 1365 17(63  7(64) 0990 Saling infused during NS1, mkg 142413 13.2+1.4  6.1+1.9°F
Age, y 36+8 646  73+7*t  <0.001 Heart rate, bpm
Body weight, kg 68x12  73x12  89+21*t  0.001 Basaling 80410 207" 26421
Body surface area, m? 1.78+0.19 1.86+0.20 1.99+0.27*  0.032 NS 89+11% 77471 78+17
Hemodynamics (supine rest) Systolic BP, mm Hg
Heart rate, bpm 80+10  70+7* 7621 0.002 Basaline 1414 1313 141220
Systolic BP, mm Hg 114x14 11313 141220t  <0.001 NS 16+15  117e13f 140221
Mean BP, mm Hg 8110 819 92+9*t 0.001 Cardiac index (reb), L/m?
Cardiac index (reb), 3.24+0.59 2.97+0.35 3.27+1.19 0.285 Baseline 393+059 297040 3.14+0.68
L-min~-m-? e B o
NST 4.03+0.99f 3.87+0.54% 3.87+1.22
SVindex (reb), mUm?  40.4+6.8 427+53 42783  0.454 , +0.99¢ 387:0.54¢ 3871224
SV index (reb), mL/m?
MPAP, mm Hg 15+3  15+2 244 <0.001 _
X Baseline 40.4+6.8 427453  42.7+8.3
Mean PCWP, mm Hg 10+2 92 14+4*t 0.002 s 15601045 S04sT6r  48.9067%
.0+x10. =y N .J+0.
RAP, mm Hg 62 7+2 9+3* 0.036
MPAP, mm Hg
LVTMP, mm Hg 41 321 5+3t  <0.001 _
Baseline 15+3 15+2 244"t
Transpulmonary 6+2 6+2 10+3*t <0.001
aradient, mm Hg NS1 2341 24+2% 30+3t
Ventricular structure (MRI) Mean PCWP, mm Hg
LVEDV index, mL/m? 60.8+7.5 56.0+10.8 56.3x121  0.236 Baseline 10+2 922 T4=47t
LVESV index, mL/m? 21.1+53 16.3+4.8* 14.3+55*  0.002 NS 16=2% 17+2% 20=4%
LV mass index, g/m? 54.7+11.0 47.17.4  69.3+21.8" <0.001 RAP, mm Hg
LV mass/EDV, g/mL 0.89+0.20 0.86+0.13 1.23+0.32"t <0.001 Baseline 62 72 93
NS1 11=2% 11=2¢ 12+3f

BP indicates blood pressure; EDV, end-diastolic volume; ESV, end-systolic

Experiment 2

volume; HFpEF, heart failure with preserved ejection fraction; LV, left ventricular;
MPAP, mean pulmonary arterial pressure; MRI, magnetic resonance imaging;
PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; reb,
by acethylene rebreathing method; SV, stroke volume; and TMP, transmural
pressure. Values are mean=SD.

*P<0.05 versus young.

1P<0.05 versus older.

BP indicates blood pressure; MPAP, mean pulmonary arterial pressure; NS1,
first session of saline infusion; NS2, second session of saline infusion; PCWP,
pulmonary capillary wedge pressure; RAP, right atrial pressure; reb, by acetylene
rebreathing technique; SV, stroke volume. Values are mean+SD.

*P<0.05 versus young at baseline.

1P<0.05 versus older at baseline.

$P<0.05 versus baseline for comparison of the effects of saline loading.
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Figure 5. Pulmonary capillary wedge pressure (PCWP) relative to
saline in patients with heart failure with preserved ejection frac-
tion (HFpEF), young subjects, and older subjects after the first
set of saline infusions (NS1). Dashed line indicates 95% confi-
dence limits; e, young subjects; o, older subjects; and B, HFpEF
patients. *P<0.05 vs HFpEF patients.

ventricles were operating on the steeper portion of their
pressure-volume relations during saline infusion. RAP is
regulated mainly by pericardial constraint.'” Thus, a greater
RAP/saline slope in HFpEF may indicate that HFpEF patients
are more affected by pericardial constraint than healthy older
subjects. We also point out that LVTMP/saline slopes appeared
to be greater in HFpEF patients than healthy control subjects
(P<0.085). These findings suggest that it is not exclusively
the pericardium that causes the rise in filling pressures during
saline infusion. Venodilation with nitroglycerin reduces
pericardial constraint and lowers cardiac filling pressure.”
Thus, nitroglycerin might be a reasonable therapeutic option
in HFpEF patients with high levels of pericardial constraint.

Blood Volume/Plasma Volume Data

Total body blood volume can be stratified into the unstressed
and stressed volumes in the arterial and nonsplanchnic sys-
temic venous beds.*”? The largest absolute plasma and total
blood volumes were observed in older men, whereas older
men tended to have lower cardiac filling pressures compared
with young men. We speculate that older men may have pos-
sessed a larger venous reservoir and/or smaller effective circu-
latory volume than other groups.

Invasive Hemodynamic Stress Testing

Volume challenge and exercise testing with right heart cath-
eterization have been used to unmask diastolic dysfunction and
to diagnose HFpEF.*?*3 In contrast to exercise testing, saline
loading has minor effects on BP and HR and predominantly
tests operant diastolic ventricular compliance. Saline infusion
is more widely available than invasive exercise testing, and the
present data may expand the capability to perform provoca-
tive invasive assessment to more laboratories. Intriguingly, we
observed that rapid saline infusion had greater effects on the pul-
monary circulation than previously reported during exercise.”*
We also observed that healthy women have a smaller reserve
for flow-mediated pulmonary artery dilatation compared with
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men, which may predispose them to greater risk for pulmonary
vascular disease with chronic left heart disease.’*

Study Limitations

First, the number of our HFpEF patients was small, and the
control group was free of any cardiovascular diseases. The
power of the PCWP/saline slope analysis was 0.84 in experi-
ment 1 and 0.70 in experiment 2. Future studies are required
to assess how effectively saline loading differentiates patients
with HFpEF from patients with other cardiovascular diseases
such as systemic and pulmonary arterial hypertension. Second,
saline was not infused at precisely the same rate in all subjects
because of the inability to obtain large-bore cannulas. How-
ever, most catheterization laboratories do not have the capabil-
ity to precisely regulate infusion rates. Moreover, the changes
in hemodynamics, including PCWP, during saline infusion at
a rate <150 mL/min were quite similar to those at a rate 2150
mL/min in young women (Table II in the online-only Data
Supplement). We believe that this range is relevant to clinical
practice. Third, the total but not scaled volume of infused saline
was lower in women than men and in HFpEF patients than con-
trol subjects. It is possible but unlikely that the initial increment
in filling pressures was greater than increments with more vol-
ume because responses of filling pressures to rapid infusion
were approximately linear (Figure 2). Fourth, blood volume
was not measured in HFpEF patients. Differences in the pre-
infusion distribution of blood volume or the distribution of the
infused saline within the systemic veins and regional venous
capacitance vessels might have contributed to the observed dif-
ferences within control subjects and between control subjects
and HFpEF patients. Finally, there were differences in age
between HFpEF and healthy older subjects and in body size
among groups, which might have affected our results.

Conclusions

In healthy humans rigorously screened for cardiovascular
disease, there are significant elevations in left and right heart
filling pressures during rapid saline infusion, suggesting that
currently proposed partition values of PCWP used to define
“heart failure” from saline loading need to be revisited. The
increase in PCWP during saline infusion was greatest in older
women, suggesting more loss of diastolic and pericardial
compliance reserve in the aged female heart compared with
men and to younger control subjects.
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CLINICAL PERSPECTIVE

A volume challenge unmasks left ventricular diastolic dysfunction and therefore has been proposed as a way to identify heart
failure with preserved ejection fraction. However, the normal hemodynamic response to a volume challenge and how age
and sex affect this relationship remain unknown. In the present study, we assessed age- and sex-related normative responses
of pulmonary capillary wedge pressure to rapid saline infusion (100-200 mL/min) in 60 healthy subjects. Hemodynamic
responses to saline infusion in 11 patients with heart failure with preserved ejection fraction were then compared with those
in healthy young and older subjects. Rapid saline infusion significantly increased pulmonary capillary wedge pressure from
10£2 to 163 mm Hg with ~1 L saline and to 20+3 mm Hg with ~2 L saline in healthy subjects. More than 90% of the healthy
subjects exhibited pulmonary capillary wedge pressure values previously considered to define heart failure with preserved
ejection fraction (>15 mm Hg) with ~2 L saline. In older women, a greater increase in pulmonary capillary wedge pressure
relative to volume infused was observed compared with men and younger women, suggesting more dramatic loss of diastolic
reserve in older women. The greatest increase in pulmonary capillary wedge pressure relative to volume infused was noted in
patients with heart failure with preserved ejection fraction, consistent with the most severely impaired diastolic reserve. These
data could constitute an important step for the development of diagnostic protocols for the invasive evaluation of patients with
dyspnea. Future studies will assess how effectively saline loading differentiates patients with heart failure with preserved
ejection fraction from patients with other cardiovascular diseases such as systemic and pulmonary arterial hypertension.
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SUPPLEMENTAL MATERIAL



Supplemental Table 1.

Hemodynamic responses to saline infusion (Experiment 1)

Young men Older men Young women Older women
(n=13) (n=17) (n=13) (n=17)

Saline infused during NS1, ml/kg 143 +1.7 13.2+14 142+14 13.2+15
Saline infused during NS1, L 1.10+£0.16 1.11+0.18 0.87+0.12 0.87+0.14
Saline infused during NS1+NS2, ml/kg 285+3.2 26.5+2.3 28.4+3.2 26.4 + 3.0
Saline infused during NS1+NS2, L 221+£0.33 221+031 1.75+0.23 1.75+0.28
Heart rate, beats/min

Baseline 75+8 66 £7 83+10 727

NS1 84 +11* 73 £ 8* 91+11* 719+ 7*

NS2 86 £ 11* 78 £ 9*F 90+ 7* 80 £ 8*
Mean BP, mmHg

Baseline 81+4 82+8 80 +13 79+9

NS1 84 +7 85 + 6* 82+13 81+9

NS2 87 £ 8* 88 £ 9* 87 £ 14*¥ 86 + 9*f
Stroke volume index (reb), ml/m?

Baseline 45274 455+£85 37.9+£6.5 404 +£40

NS1 53.7+8.2* 54.0+108* 42.0+9.1* 47.9 £ 6.9*

NS2 555+9.8* 53.8+9.7* 43.1 £8.9* 47.0+£6.1*
TPR index, dyne*s*cm™*m?

Baseline 1791 +243 2078 + 449 1811 + 482 1990 + 350

NS1 1322 £ 139* 1574 +264* 1300 + 372* 1486 + 314*

NS2 1245 +231* 1477 £ 300* 1281 + 456* 1433 + 306*
MPAP pressure, mmHg

Baseline 16+2 15+4 16 +3 15+2

NS1 23+ 3* 22 £ 3* 24 £ 4* 25+ 2*

NS2 28 £ 3*F 27 £ 4*F 29 £ 6*F 30 £ 2*f
Mean PCWP, mmHg

Baseline 11+2 9+2 10+2 10+2

NS1 17 + 3* 15+ 2* 16+1* 17 £ 2*



NS2 21 + 3*f 19 + 2%f 20 + 2% 21 + 2%y

Right atrial pressure, mmHg

Baseline 72 62 61 71

NS1 12 £ 2* 10 £ 2* 11+ 2* 12 £ 2*

NS2 15 + 2%F 13 + 2% 14 + 2% 15 + 2%
LVTMP, mmHg

Baseline 4+1 31 4+1 31

NS1 6 +2* 5+1* 5+2* 5+ 2*

NS2 6+ 2* 6 £ 2%F 6+ 2* 7+ 2%
Transpulmonary gradient, mmHg

Baseline 51 62 6+3 62

NS1 6+2 8+ 2% 8+ 4* 8+ 2%

NS2 7+2*% 9+2* 9+6* 9+2*
PVR index, dyne*s*cm™*m?

Baseline 121+ 35 170 £+ 56 150 £+ 62 161 + 38

NS1 109 + 47 157 + 33 173 £ 68 165 £ 39

NS2 122 + 45 169 + 47 173 £93 183+ 43

Values are mean £ SD. NSI indicates first session of saline infusion; NS2, second session of
saline infusion; BP, blood pressure; (reb), by acetylene rebreathing technique; PCWP, pulmonary
capillary wedge pressure; MPAP, mean pulmonary arterial pressure; LVTMP, left ventricular
transmural pressure; PVR, pulmonary vascular resistance. *P < 0.05 vs. baseline and 1P < 0.05

vs. NS1 for comparison of the effects of saline loading in healthy subjects.



Supplemental Table 2.

Hemodynamics in young women with different rate of infusion (Experiment I)

Infusion < 150 ml/min  Infusion > 150 ml/min  ANOVA
(n=4) (n=9) p value

Infusion rate, ml/min 134 + 26 191+ 14 <0.001
Saline infused during NS1, L 0.88 +£0.18 0.87+£0.10 0.916
Body surface area, m* 1.72 +0.08 1.66 +0.13 0.439
Heart rate, beat/min

Baseline 807 8411 0.514

NS1 90 + 4* 92+ 13* 0.685
Cardiac index (reb), L/m?

Baseline 2.84+£0.74 3.28 £ 0.65 0.456

NS1 3.61+1.22* 3.99+1.13* 0.514
Mean PCWP, mmHg

Baseline 10£1 10+ 2 0.564

NS1 16+1* 16+ 2* 0.618
RAP, mmHg

Baseline 61 62 0.624

NS1 10 £ 2* 11+1* 0.229
PCWP/saline slope, mmHg-L™ 71 712 0.965
PCWP/saline slope, mmHg-L™"-m? 12+2 12+3 0.833

Values are mean + SD. NS1 indicates first session of saline infusion; (reb), by acetylene

rebreathing technique; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure.

*P < 0.05 vs. baseline.
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*p <0.05vs. Young men, and Tp <0.05vs. Older men.



Supplemental Figure 3

A Preload - stroke work relations B Starling curves
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Supplemental Figure 1
Relationships between baseline PCWP and age, and baseline LVTMP and age in healthy subjects.
PCWP indicates pulmonary capillary wedge pressure; LVTMP, left ventricular transmural

pressure; e, healthy men; o, healthy women.

Supplemental Figure 2

Total blood volume, red blood cell volume, and plasma volume by carbon monoxide rebreathing.

*P <0.05 vs. young men, and TP < 0.05 vs. older men.

Supplemental Figure 3



A. Preload recruitable stroke work
Lines represent linear regressions for young men, (r>=0.99), older men (r’=0.96), young women
(r?=0.99) and older women (r’=0.99). No differences were noted in the slope of preload-stroke

work relations among the 4 groups.

B. Frank-Starling relationship
Systolic ventricular performance in healthy subjects. Lines represent results of second linear
regression analyses. e indicates young men; o, older men; A, young women; A, older women.

Note substantially upward shift of Starling curve in men compared to women.





