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Abstract

A prospective, observational single-center study was carried out. Pediatric patients undergoing congenital heart defect surgery
were evaluated before, during, and after surgery. At each time point, sublingual microcirculation and clinical parameters were
assessed, along with analytical variables. Twenty-four patients were included. All microcirculatory parameters worsened during
cardiopulmonary bypass and returned to baseline values after surgery (p < 0.001). In the intraoperative evaluation, body
temperature correlated with perfused small vessel density (p = 0.014), proportion of perfused small vessels (p < 0.001), small
vessel microvascular flow index (p = 0.003), and small vessel heterogeneity index (p < 0.002). Patients with cyanotic disease
exhibited higher small vessel density (p < 0.008) and higher density of perfused small vessels (p < 0.022) at baseline, and a lower
microvascular flow index (p = 0.022) and higher heterogeneity (p = 0.026) in the intraoperative phase. Children with congenital
heart disease exhibited decreased vascular density and microvascular blood flow and increased heterogeneity during cardiopul-
monary bypass. All these parameters returned to baseline values after surgery.
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Introduction

The microcirculatory system is composed of small arterioles,
capillaries, and venules that mediate the exchange of materials
between the blood and the tissues of the body. The adequate
functioning of the microvascular compartment has been prov-
en to be crucial for adequate organ function. Hence, microcir-
culatory compartment dysfunction has been associated with
different life-threatening conditions, especially in critically ill
patients [1-3].

Microcirculatory changes in patients who undergo cardiac
surgery have been described in previous studies. However,
most studies only involved adult patients subjected to coronary
reperfusion surgery and heart valve replacement [4-12]. The
literature on the impact of cardiopulmonary bypass (CPB) on
microcirculation in pediatric patients undergoing cardiac sur-
gery is scarce [13—15]. Compromised microcirculation second-
ary to CPB is associated with multiple factors such as the type
of flow used for CPB, hemostatic alterations, hypothermia, and
use of hemoderivatives or vasoactive drugs, to name a few.

The primary objective of this study was to describe changes
in sublingual microcirculation using videomicroscopy during
corrective surgery for congenital heart disease in pediatric
patients. A secondary objective was to assess if the microcir-
culatory changes were associated with the postoperative
course of patients. The influence of some surgical factors such
as age and type of heart disease on perioperative microcircu-
latory changes was also evaluated.

Methods

A single-center, observational, prospective study was per-
formed. The study was carried out in a tertiary care hospital,
which is a national referral center for the treatment for pediat-
ric patients with congenital heart disease. The study was ap-
proved by the Institutional Review Board. This manuscript
adheres to the applicable STROBE guidelines for reporting
observational studies.

The study included patients with ages ranging from 1 month
to 18 years admitted to the pediatric intensive care unit (PICU)
who underwent elective corrective surgery for congenital heart
defects. Written informed consent was obtained from patients
or their legal representative, as appropriate. Exclusion criteria
included the presence of alterations in the oral cavity, a difficult
airway, or refusal to take part in the study.

To calculate the sample size, the microcirculatory flow in-
dex (MFI) was defined as the main variable of interest. To
detect a mean difference of 0.5 points between two groups
with a standard deviation similar to that found in similar stud-
ies, establishing a statistical power of 80%, at least 22 patients
should be included.
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All patients were evaluated at three time points throughout
the perioperative period:

* Baseline evaluation (T): prior to surgery and after endo-
tracheal intubation and central venous and arterial cathe-
terization. During evaluation, anesthesia/sedation had
been induced with sevoflurane in all patients.

* Intraoperative evaluation (T;): during CPB when the
planned minimum core temperature was reached.
Sublingual microcirculation was assessed by accessing
the oral cavity under the surgical field from the head of
the surgery bed.

» Postoperative evaluation (T,): after surgery, once the sur-
gical bed had been withdrawn and prior to planned
extubation, when possible. Postoperative evaluation was
carried out in the operating room prior to patient’s transfer
to the PICU.

Anesthetic and surgical procedures were carried out ac-
cording to the usual practice of the cardiovascular surgery
team, who was blinded to microcirculatory measurements.
All other variables collected are part of routine monitoring
used during cardiovascular surgery procedures in our center.
No clinical intervention was derived from the measurements
performed for the study.

Variables Collected

The preoperative variables collected included age, height, body
surface area, weight, and previous cardiologic diagnosis.
Patients were classified as cyanotic when their heart defect
allowed deoxygenated blood to bypass lung circulation
reaching the systemic circulation and as non-cyanotic when
systemic and pulmonary circulations were completely separat-
ed. Variables related to surgery included surgical complexity
based on Aristotle Basic and Aristotle Comprehensive scale,
duration of the procedure, duration of CPB, duration of aortic
clamping, and minimum temperature reached during surgery.
Variables related to the postoperative course of patients includ-
ed length of PICU stay, length of hospital stay, need for and
duration of vasoactive therapy in PICU, need for and duration
of postoperative mechanical ventilation, and mortality.

Sublingual microcirculation was assessed at each time
point (T, Ty, and T,) using a sidestream dark-field (SDF)
microscope (MicroScan, MicroVision Medical Inc.,
Amsterdam, Netherlands). Five 10-s video sequences were
recorded at each time point. Videomicroscopy images were
recorded and analyzed using the Automated Vascular
Analysis AVA 3.1 software (MicroVision Medical Inc.,
Amsterdam, Netherlands). Videomicroscopy sequences
were recorded in accordance with standard recommenda-
tions [16, 17].
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All sequences were recorded and analyzed by the same
operator (R.G.) which was not participating in the surgical
procedure. Patient’s identity data and the time point at which
sequences had been recorded were eliminated from video se-
quences before evaluation.

After images were stabilized and gray balance was
adjusted, the vessels observed were identified and
outlined manually. The microcirculatory variables
assessed were those established in current recommenda-
tions for the evaluation of microcirculation. Total vessel
density (TVD), De Backer score (DB), perfused vessel
density (PVD), proportion of perfused vessels (PPV),
microcirculatory flow index (MFI), and heterogeneity
index (HI) were determined in ecach set of video se-
quences. All microcirculation variables were measured
in vessels below 20 um diameter, which were classified
as small vessels (SV), and all vessels (with a diameter
above and below 20 pum) except for De Backer score,
which was measured in all the vessels studied.

Other variables apart from microcirculatory parameters
included macrohemodynamic parameters (systolic, dia-
stolic, and mean arterial pressure; central venous pres-
sure; and pump flow at the intraoperative measurement);
variables related to mechanical ventilation (PEEP, PIP,
and FiO,); variables of perfusion and tissue oxygenation
(core temperature and brain and somatic oximetry by near
infrared photospectrometry (NIRS) measured using
INVOS 5100C, Medtronic Somanetics, Minneapolis,
MN, USA); and analytical parameters in arterial blood
(pH, pCO,, pO,, HCO3, base excess, arterial saturation
of oxygen, glycemia, hematocrit and concentration of he-
moglobin, lactate, sodium, potassium, chlorine, and ionic
calcium). Additionally, the medication that patients were
receiving at each assessment point was recorded and va-
soactive inotropic score (VIS) was calculated for each
time point [18] .

Statistical Analysis

The variables collected were entered into an electronic data-
base and analyzed using the statistical analysis software SPSS
Statistics for OsX (IBM Corp. Released 2013. Version 22.0.
Armonk, NY). p values < 0.05 were considered statistically
significant.

For a descriptive study of the sample, median values
were used as a measure of central tendency, whereas in-
terquartile range (IQR) was used as a measure of disper-
sion. Student’s 7 test was used to perform paired compar-
isons of mean values to study variations in continuous
quantitative variables at the different measurement points.
95% confidence intervals (CI95%) were calculated to as-
sess differences between means. Correlations between
variables were assessed by Spearman’s correlation coeffi-
cient (Spearman’s rho) for simple correlations and by par-
tial correlation coefficient in those correlations where ad-
justments were made as a function of other variables.
Differences between subgroups were assessed using
Student’s ¢ test for continuous quantitative variables and
chi-square test for qualitative variables.

Results

The study included 24 patients subjected to cardiac surgery
with CPB, of whom 18 were male (75%). Table 1 shows the
baseline characteristics of the patients. Thirteen patients
(54.2%) had cyanotic heart disease. Details regarding congen-
ital heart defect and surgical intervention for each patient are
expressed in Table 2. No patient required inotropic support
during the baseline evaluation. Median VIS during the intra-
operative evaluation was 0 points (0-5), and 12 points (7-15)
during the postoperative evaluation.

Table 1 Baseline characteristics

of patients included in the study Median IQR
Age (months) 12.2 5.1-54.5
Weight (kg) 9.2 5.8-15.7
Height (cm) 76.3 64.1-101.8
Body surface area (m?) 0.44 0.32-0.67
Duration of intervention (min) 389 297-455
Duration of CPB (min) 54 40.5-94.5
Minimum temperature during CPB (°C) 30 27-32
Surgical complexity - Aristotle basic scale (points) 7.5 69
Surgical complexity - Aristotle comprehensive scale (points) 8 6.4-10

CPB cardiopulmonary bypass
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Table 2 Congenital heart defects of the patients included in the study

Patient Age (years) Weight (kg) Cyanotic disease Description of heart defect

Surgical technique

1 10.3 31.0 No Combined Ao stenosis and regurgitation Pulmonary autograft root replacement with
aortoventriculoplasty (Ross-Konno procedure)
2 0.2 4.5 No ASD Ventricular septoplasty
3 1.0 10.0 No Ao coarctation + hypoplastic arch Ao arch repair
4 0.3 59 Yes VSD + ASD + Ao override Ventricular septoplasty
5 0.4 53 Yes Complete AVC Complete AVC repair
6 2.1 13.0 No ASD Atrial septoplasty
7 1.3 8.4 No Ostium secundum ASD + partial APVR  Atrial septoplasty + reorientation of APVR
8 1.0 13.5 No Ostium secundum ASD Atrial septoplasty
9 1.7 11.0 No Sinus venosus ASD + partial APVR Atrial septoplasty
10 4.2 15.8 No Subaortic stenosis + Ao regurgitation Subaortic membrane resection
11 0.7 5.7 No VSD + ASD Atrial + ventricular septoplasty
12 5.7 29.8 No Ao valve stenosis Ao valvuloplasty
13 5.3 15.2 No VSD Ventricular Septoplasty
14 7.5 16.4 Yes Double outlet right ventricle Cavopulmonary anastomosis (Glenn procedure)
+ VSD + TGA
15 0.7 5.7 Yes ASD + VSD + Ao override Cavopulmonary Anastomosis (Glenn procedure)
16 39 22.0 Yes TGA Total cavopulmonary anastomosis (Fontan procedure)
17 4.7 13.0 Yes Double outlet right ventricle Ventricular septoplasty
+VSD
18 0.4 7.0 Yes TOF Total repair of TOF
19 0.5 7.0 Yes Complete AVC Complete AVC repair
20 0.4 4.8 Yes Complete AVC Complete AVC repair
21 0.8 7.2 Yes TGA + pulmonary stenosis Ao translocation and biventricular outflow
+ VSD tract repair (Nikaidoh procedure)
22 0.1 3.1 Yes Total APVR Correction of Total APVR
23 7.5 17.4 Yes HLHS Total cavopulmonary anastomosis
(Fontan procedure)
24 0.4 7.6 Yes TOF Total repair of TOF

M male, F female, Ao aortic, ASD atrial septal defect, VSD ventricular septal defect, APVR anomalous pulmonary venous return, AVC atrioventricular
canal, TGA transposition of the great arteries, TOF tetralogy of Fallot, HLHS hypoplastic left heart syndrome

Changes in Microcirculatory Parameters During
Surgery

Table 3 shows the changes in the different parameters dur-
ing CPB and after the procedure with respect to baseline
values. During CPB, a reduction was observed in vascular
density parameters (TVD, PVD, and Backer’s score) and
blood flow at microcirculatory level (MFI and PPV), while
heterogeneity (HI) increased (Fig. 1). Differences were ob-
served between cyanotic and acyanotic heart disease pa-
tients (Fig. 2): cyanotic patients had lower small vessel
MEFT and increased small vessel HI during the intraopera-
tive evaluation. Variation on microcirculatory parameters
between baseline and intraoperative evaluations was calcu-
lated for each patient. Patients with cyanotic heart defects
showed greater decrease in small vessel PVD (p = 0.040),
total PVD (p = 0.030), and small vessel MFI (p = 0.045)
than acyanotic patients.

@ Springer

Microcirculatory changes were also compared between pa-
tients undergoing single ventricle repair (Glenn and Fontan
procedures) and those undergoing biventricular repair.
Patients undergoing single ventricle repair showed greater
mean decrease between baseline and postoperative for TVD
(4.5 mm*mm?, 1C95% 0.5-8.4; p = 0.047) and for small
vessel PVD (5.9 mm*/mm?, CI95% 1.15-10.7; p = 0.047),
as compared to patients with biventricular strategies. Patients
with single ventricle surgical repair also showed a greater
decrease in small vessel PVD during the intraoperative eval-
uation (difference of means of 7.5 mm*mm?, C195% 1.6—
13.5; p = 0.044).

Correlation Between Microcirculatory and
Macrohemodynamic Parameters

Several multivariate models were developed to analyze the
effect of the different surgery variables on microcirculatory



177

J. of Cardiovasc. Trans. Res. (2021) 14:1173-1185

[EAIIUT QOUDPIJUOD 7)) ‘UIGO[SOWAY GF7 ‘SSI0XD 9Seq g XOPUI UONLUSSAXO0 anssy 7,7 ‘aInssaid SNOUSA [enudd JAD
‘arnssai1d [eLo)e UedW J 7y ‘QInssaid [eLoje O1[0)seIp JV(7 ‘@Inssaid [ero)e d1j0)sAs VS ‘91l 1eay Y77 Xopul A1aua3o10)ay 777 9109s 1adeq o9 g ‘S[ossoA pasnyrad jo uontodoid A g ‘ANsuop [9ssoA
pasnyrad GAJ ‘AISUp IB[NOSBA [BJ0) (JA.L ‘S[OSSA [[BUIS AS ‘XOPUI MO[] Je[NOSBAOIDIU 7,77 ‘YuowaInseawr danerodojsod {7 ‘uone[nod [earodiooenxs SuLNp JUSWAINSLIW /7 JUSWIdINSLIW duljaseq 0

X440 Fror1e-) 89¢°0 T1o¢-) 2000 (LT80) (Toso1 0196 0D ¢TI (1p/13) qH
910°0 9170 12740 (€00 1T -) 100°0 (To—0L0-) #'D o8I (YORAN (T06°0 areloe]
SIT°0 (8T ¢0-) SIT°0 (€0018T-) 86¢€°0 Ty o801 -) Los0- 0D 81— @yD1s— (1/10t) g
1190 (Sozg-) 10 #0018 -) £9%°0 (88017 -) T ¥t (6D LET (Ten 09t (110wt —€OOH
810°0 (9°L-0) 8¢€6'0 (901 69-) €Iro (600118 -) 69 1% (6°L) o (09 Lg (BHurun)zoOd
€20°0 (80819 I81°0 (95019 L'TT-) €00°0 (1°0€ —01 9°0%T -) (t'18) 651 (6'69) 10T (S'89) S11 (8Hum) zod
8590 (#0°0 @ 500 -) L8S0 (#0°0 0 L00 -) Yo (L0°0 200 -) (L0'0) 6€L (L0o0) LEL (S0°0) O¥'L ad
2000 (8'81-C9) SLO0 (€006 -) 2000 (€Y -9yl -) (601 68 (¥"o1) 98 (6T LL 101 dnewos
¥00°0 L1 6L1°0 6T THI-) 170 (I'¢o18eI-) ('6) 08 (CX9957) (6°6) 69 I0L [e1ga1e)y
810°0 (€9-8°0) SS1°0 T1976-) L8L0 (Ivoze-) Ly S8 (196 (BHuw) JAD
SS1°0 L60L1-) 100°0> (€61 —0186T-) 100°0> (6's-1'11) L8 79 €1 oy 91D 8 (BHuww) gVIN
L90°0 (8601 +0-) 100°0 (96 —01681 -) 910°0 (Ier-sn (€L 6v (Trom Leg (€6) v (BHuw) 4va
100°0 O%1-8%) 100°0> (98¢ —019°€S —) 100°0> (€SP-5LD (821 68 (82D ¢F LsneL (BHuw) 4v's
€ero (550 01 800 -) €00°0 (€' 1-82°0) 100°0> (€50 -0 66T -) (LS'0) 6%°0 (oD 6T (€€°0) STO ASTH
¢80°0 (10 1 €00 -) 9500 (TS0 100 -) 100°0 (TT0-0190-) #'0) ¥€0 (L¥'0) 6570 (91°0) ST'0 IH
sL0 (860 9 €1 -) 100°0> (I81-0965¢-) 100°0 (€€v—6€1) (670 1791 (s €s¢1 (9€'7) 6€91 () gq
8600 (#6'0 2 0T -) 100°0 (8L'S -0 161 -) 100°0 (S$'9T'9) (6111 TT'16 (I¥'61) 8¥'8L (TTP) $8°56 (%) ASAdd
80°0 (€970 01 86 -) 2000 (66°'L —01T8'ST-) 100°0 (z8's7-66'L) (85°01) IS'T6 (68°LT) 61°6L (86'¢) 60'96 (%) Add
L60°0 (9¢00 % -) 100°0> TSy —01L901 -) 100°0> (L9°01-2SH) (8sY) LL'TT (19°9) 66'91 (SE) 8S7T (o o) ASqAJ
6¥1°0 (6€7€ 9950 -) 100°0> Lyy—0168-) 100°0> (99°01+1°9) (0c'P) €91 (6¥7'S) ST'8T (66'€) S0'9T (oo ) A
LYE0 (LO'T @ 68C-) 100°0 (88'T—018L°S—) 100°0 LeL-1170 (607) S9¥T (sev) T80T (6€%) 95°ST (o tour) ASQAL
S9°0 (87’1 @ 69C-) 100°0> Lrc-ozr9-) 100°0> (8%'L-€SD) (SL'9) ¥9'9T 1oy veee (109 ¥€'LT (Juuuy o) QAL

LT°0 (LS00 11°0-) 200°0 €0-21T1-) 100°0> (S€'1-€50) (€1°0) 95°C (L1'0)98'1 (80°0) 08°C ASTAIN
9ev°0 (9€°0 0 10 -) 100°0> (Tr'0 - 01960 -) 100°0> (96'0-2°0) (6¥°0) 08'C (g0 1T°C ¥T'0) 06T AN

d %S61D d %S6ID d %S61D (as) uesy (as) ueay (as) uesy
C101, 20udIIp UBIA C1-1 1 oudIayyIp UBIA 1107, douaIayIp UBIA L 'L or

syurod juowaINseaw JUSIQHIP oY) Je s1ojouwered A1ojeroqe] pue ‘uorsnjiod Jenssy ‘OMUBUAPOWAYOIOBW ‘AIOJB[NOIOOIOIW JO UOIRLIBA € 3|qel

pringer

Qs



1178 J. of Cardiovasc. Trans. Res. (2021) 14:1173-1185
S 40 : p=0.347 gl : p=0.097
£ . . g .
£ £ :
E 30 £ 30
= @ s
> 20 2 20 Eﬂ
£ g
% 104 : % 10| , ‘
a : p=0.001 a L
> g ..
= 0 p=0.001 &, p<0.001 p<0.001
p=0.465 p=0.149
40 T 1 40 ’ 1
. .
£ 30 € 30 b
E E
£ o £ .
E 20 E 20+ : E
o o
S >
F i i o i R
10 . , 10 :
p<0.001 Wi
5 p<0.001 3 p<0.001 p<0.001
Basal CPB Postoperative Basal CPB Postoperative
24 | p= 0.752 100 -
1 2 =S
224 * 2 80 :
[} .
@
20 g 60- -
* 3 =0.001
18- g P p=0.001 ,
€ @ 40 H
g 16 i - L . ;
£ o T -
8 14 p=0.098
9 0 =
U?; 12
5 100 %&::? i =
5 104 1
a . ; 80
> 8- B , .
3 p=0.001 p<0.001 <
< 60
® z . p=0.002 °
& p=0.001
4- 40 .
2+ 207 , p=0.082 ,
0 - 0 .
Basal CPB Postoperative Basal CPB Postoperative
d p=0.133
4 p=0.170 47 ; J
2] r
c 2 p<0.001 f p=0.005
@ 3 = @3- :
= 3
3 =
E 2 o 5 . T 5
@ : l &
™ =
S 14 T o1 g
L ] g
f ] =
0 p<0.001 20,002 o e -
p=0.085
47 p=0.436 2,07 ' . I
" . p=0.056 !
p=0.001 R
3 : g — 157
[ - .
s 5 ‘ o = 1,04 .
14 . 0,5 o
| p<o.001 ; 50,001 g =
0 0 —
Basal CPB Postoperative Basal CPB Postoperative

Fig. 1 Changes in microcirculatory parameters during cardiac surgery. TVD total vessel density, PVD perfused vessel density, PPV proportion of
perfused vessels, MFI microvascular flow index, HI heterogeneity index

@ Springer



J. of Cardiovasc. Trans. Res. (2021) 14:1173-1185

1179

parameters. Total hemoglobin values did not correlate with
microcirculatory parameters after adjustment for mean blood
pressure and core temperature. In contrast, core temperature
correlated with microcirculatory parameters after adjustment
for mean blood pressure and hemoglobin concentration
(Table 4). Mean blood pressure showed a correlation with
heterogeneity indices after adjustment for temperature and
total hemoglobin concentration (Table 4). When all measure-
ments were analyzed together, lactate values showed moder-
ate correlation with MFI values (tho = — 0.338; p = 0.027) but
did not show correlation with other microcirculatory parame-
ters. Arterial partial pressure of oxygen did not show any
correlation with microcirculatory parameters. Cerebral oxy-
genation index measured by NIRS showed moderate correla-
tion with MFI (tho = 0.362; p = 0.016) but not with other
microcirculatory parameters. Postoperative lactate values
showed no correlation with microcirculatory parameters ex-
cept for small vessel HI (tho = — 0.513; p = 0.030). Somatic
oxygenation index showed no correlation with any microcir-
culatory variable.

Prognostic Capacity and Relationship of
Microcirculatory Parameters and Surgical Variables

In the intraoperative period, none of the microcirculatory pa-
rameters studied showed a correlation with length of PICU or
hospital stay, duration of vasoactive therapy, or mechanical
ventilation during the postoperative period.

In the postoperative measurement, a higher MFI correlated
with a lower length of hospital stay (tho = — 0.470; p = 0.036)
and a lower duration of mechanical ventilation during the
postoperative period (rho = — 0.785; p < 0.001).
Postoperative MFI was also inversely related to Aristotle basic
score (tho = — 0.653; p = 0.002) and Aristotle comprehensive
score (tho = — 0.566; p = 0.009) and with the minimum tem-
perature reached (tho = — 0.491; p = 0.033).

In the postoperative measurement, some surgical variables
were associated with poorer values of microcirculation param-
eters with respect to baseline. Aristotle comprehensive score
was higher in patients who showed a worsening of small ves-
sel density (p = 0.03), De Backer score (p = 0.035), and per-
fused small vessel density (p = 0.03).

A worsening of small vessel TVD (p = 0.022), PVD (p =
0.009), and small vessels PVD (0.001) was associated with a
longer duration of the surgical procedure. The worsening of
small vessel PVD (p = 0.036) and MFI (p = 0.027) was asso-
ciated with a lower minimum core temperature. No relation-
ship was observed between duration of CPB or duration of
aortic clamping and a worsening of microcirculatory
parameters.

There was no correlation between ventilatory and micro-
circulatory parameters. VIS showed no correlation with mi-
crocirculatory parameters during the intraoperative

measurement but correlated with MFI during the postopera-
tive evaluation (tho = — 0.540, p = 0.017).

Microvascular Blood Flow

Altered MFI measurements were studied. A MFI was consid-
ered to be abnormal when < 2.6 as defined by Vellinga et al.
[19].

Figure 3 shows the proportion of patients with MFI alter-
ations at the different measurement points. None of the intra-
operative variables showed a correlation with the existence of
MFI or MFlIsv alterations. MFIsv alterations were found to be
more frequent during the intraoperative evaluation in cyanotic
patients than in acyanotic patients (92.3% vs 45.5%, p =
0.023).

The existence of abnormal MFI or MFIsv was not related to
higher lactate levels during the postoperative evaluation. The
presence of an MFI or MFIsv below 2.6 in the postoperative
evaluation was not associated with longer duration of admis-
sion to the PICU or hospital or with a longer time of use of
mechanical ventilation or vasoactive drugs.

Influence of Age on Microcirculatory Parameters

Age correlated with baseline MFI (tho =0.518; p = 0.010) and
MFIsv (tho = 0.414; p = 0.044). None of the other microcir-
culatory parameters correlated with age at baseline, intraoper-
atively or postoperatively. Differences were not observed ei-
ther in the median age of patients with MFI or MFIsv alter-
ations and those without abnormal MFI or MFIsv.

Discussion

Changes in Microcirculation Related to Cardiac
Surgery

This study describes microcirculatory changes in pediatric pa-
tients with a diversity of congenital heart diseases, who
underwent cardiac surgery with CPB. Significant alterations
occurred in all microcirculatory parameters during CPB.
Thus, we observed a reduction in vascular density, proportion
of perfused vessels, and microcirculatory blood flow, whereas
heterogeneity increased. These alterations indicate a reduced
supply of oxygen and nutrients to tissues. The changes ob-
served suggest a diminished convective capacity (as a result of
the reduced blood flow and decreased number of perfused
vessels) and difussive capacity (as vascular density decreases
and distance between vessels and cells increases). In contrast,
heterogeneity in microcirculation was augmented.

In this study, microcirculatory parameters returned to base-
line values after surgery. Our results are consistent with those
of a recent systematic review that included 19 studies on adult
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<« Fig. 2 Comparison of microcirculatory parameters at the different time
points of the study between patients with cyanotic heart disease and non-
cyanotic heart disease. p values are referred to comparison of median
between groups. TVD total vessel density, PVD perfused vessel density,
PPV proportion of perfused vessels, MFI microvascular flow index, HI
heterogeneity index

cardiac surgery patients [20]. Some studies in adult patients
report that functional capillary density or the proportion of
perfused vessels decreases during CPB but reverts to baseline
values after surgery [4, 6, 10]. Other studies document a wors-
ening of microvascular blood flow index [12] or an increase in
heterogeneity [10].

Some studies have explored microcirculatory changes
by videomicroscopy in pediatric cardiac surgery patients
[13, 14]. Scolletta et al. and Nussbaum et al. examined
microcirculation by videomicroscopy prior to CPB and
after the procedure. However, none of the authors exam-
ined variations in microcirculatory parameters during
CPB. Scolletta did not observe any variations in microcir-
culatory parameters in baseline values after anesthesia in-
duction and postoperative values (prior to transfer to the
ICU) [14]. Nussbaum reported a reduced perfused vessel
density and microvascular blood flow after surgery in the
first hour of stay in the ICU with respect to baseline
values [13]. Inconsistency of results may be explained
by the fact that preoperative measurements were per-
formed in different settings. In the study by Scolletta
et al., baseline measurements were made after anesthesia
induction, whereas in the study by Nussbaum et al. were
made the day before the intervention. Several studies have
documented that anesthesia induction has an impact on
microcirculation [21-25].

Effect of Cardiac Surgery on Other Monitoring
Parameters

In our study, we observed that the behavior of other parame-
ters routinely used for monitoring cardiac surgery patients was
different from that observed in microcirculatory parameters.
The case of lactate deserves special attention. In our study,
lactate was found to be altered in the intraoperative phase
and remain abnormal in the postoperative phase. This indi-
cates that the increase in lactate levels may persist although
tissue hypoperfusion is solved. Additionally, postoperative
lactate values showed negative correlation with microcircula-
tory heterogeneity: patients with higher small vessel heteroge-
neity (which is considered a sign of microcirculatory impair-
ment) showed lower lactate levels. These findings suggest that
the use of lactate alone as a guiding parameter of hemodynam-
ic resuscitation may result in inadequate resuscitation [26-28].

Differences in the Microcirculatory Behavior
According to the Type of Heart Disease

In our study, we compared the evolution during surgery of
microcirculatory parameters between patients with cyanotic
heart disease and patients with acyanotic heart disease.
Cyanotic patients exhibited a higher baseline vascular density.
This finding, which probably indicates a chronic adaptation to
hypoxemia, had been previously described in a previous study
[29]. However, the most striking difference between groups
was that cyanotic patients exhibited lower microvascular
blood flow and higher microcirculatory heterogeneity during
CPB than acyanotic patients. This suggests that the microcir-
culation of cyanotic patients has a more limited capacity to

Table 4 Partial correlations
between microcirculatory values

Temperature® (°C)

Mean arterial pressure® (mmHg)

and temperature and mean arterial

pressure tho p tho p
TVD (mm*mm?) 0.204 0.143 0.086 0.540
TVDgsy (mm?*/mm?) 0.191 0.171 0.064 0.647
PVD (mm?*/mm?) 0.397 0.003 0.175 0210
PVDgy (mm*/mm?) 0.337 0.014 0.140 0319
PPV (%) 0.494 <0.001 0.152 0277
PPVsvy (%) 0.493 <0.001 0.141 0.313
MFI 0.490 <0.001 0.306 0.206
MFlgy 0.399 0.003 0.209 0.133
DB (n/mm?) 0.262 0.058 0.058 0.262
HI -0.295 0.032 -0.295 0.032
Hlgy - 0.409 0.002 - 0.409 0.002

MFI microvascular flow index, sv small vessel, 7VD total vascular density, PVD perfused vessel density, PPV

proportion of perfused vessels, DB De Backer score, HI heterogeneity index

# Adjusted for mean blood pressure and hemoglobin concentration

® Adjusted for temperature and hemoglobin concentration
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respond to acute aggressions despite their higher vascular den-
sity. These findings are in agreement with those of Ugenti
et al. [15]. Furthermore, patients undergoing single ventricle
surgery showed greater microcirculatory changes.

Prognostic Capacity of Microcirculatory Parameters

In our study, we observed that postoperative microcirculatory
parameters are associated with different prognostic variables.
Although causality relationships cannot be established, in our
series, the course of the patients with poorer postoperative
microcirculation was less favorable than in other patients.
The association of microcirculatory variables and prognostic
variables opens an avenue for future research to determine
whether a lower impact on microcirculation is associated with
a favorable postoperative course, as in other diseases [2, 3].

Effect of Surgical Variables on Microcirculation

Further studies are needed to determine how to optimize mi-
crocirculatory parameters during cardiac surgery. In our study,
we describe how baseline MFI prior to CPB is directly related
to blood pressure. Similarly, a direct relationship was ob-
served between higher hemoglobin concentrations and higher
vascular density, whereas hemoglobin is indirectly related to
the proportion of perfused vessels. These apparently

@ Springer

Altered MFI (<2.6)

contradictory findings can be explained by the fact that vas-
cular density is higher in patients with cyanotic heart disease
in the same way as hemoglobin concentrations are higher in
patients with chronic hypoxemia. Likewise, in patients with
cyanotic heart disease, a higher blood viscosity caused by
higher hemoglobin concentrations may result in a lower pro-
portion of perfused vessels.

During the intraoperative phase, we only found an associ-
ation between diastolic blood pressure and MFI. It is neces-
sary to investigate how the treatments and strategies used to
modify vascular resistances with effects on blood pressure
directly influence the microcirculatory flow [5, 30]. In our
study, patients with higher postoperative use of vasoactive
drugs showed decreased microcirculatory blood flow.
However, the design of our study does not allow to establish
causality in this relationship.

Decrease in body temperature was associated with im-
paired microcirculatory parameters, regardless of blood pres-
sure and hemoglobin concentrations. Therapeutic hypother-
mia has been previously associated with a worsening of mi-
crocirculatory parameters in children after cardiac arrest [31]
and in neonates with ischemic hypoxic encephalopathy [32].
In the two studies, alterations reverted after body temperature
was restored. However, hypothermia induces a decrease in
metabolic needs, which is why it has been used for a long time
as a protective mechanism during CPB.
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Finally, our study demonstrates that patients with a high
surgical complexity were more likely to exhibit a lower post-
operative microcirculatory flow and vascular density

Clinical Relevance and Future Implications of Our
Findings

According to our findings, videomicroscopy microcirculatory
assessment of pediatric patients during heart surgery might be
useful to identify patients with microcirculatory disturbances,
which may be at higher risk of poor postoperative evolution.
Development of reliable, real-time, bed-side automatized
analysis software of videomicroscopy images is needed to
enable its routine use.

The effect of different parameters during CPB, such as
temperature, blood product use, and drugs, on the microcircu-
lation should be evaluated. Furthermore, implementation of
specific strategies directed to minimize microcirculatory alter-
ations during CPB should be considered. The establishment of
such strategies could potentially reduce the risk of microcir-
culatory dysfunction and adverse outcomes.

Limitations

The observational design of our study hinders that direct caus-
al relationships be established between microcirculatory alter-
ations and the other parameters observed. Likewise, although
it is a single-center observational study conducted in a center
where standard anesthetic and surgical procedures were per-
formed, there may have been variations according to the staff
involved in each procedure.

Although the sample of patients is high as compared to
other series, the significant heterogeneity of the cohort limits
the generalization of results. The baseline clinical status of
patients or the degree of cyanosis was not considered in the
analysis of the evolution of microcirculatory parameters.
However, these factors may influence significantly the devel-
opment and function of the microvascular compartment.
Different subgroup analyses were performed in order to offset
the heterogeneity of this study’s cohort. Additional studies
including a greater and less heterogeneous sample size are
necessary to adequately characterize the microcirculatory
changes that occur during cardiac surgery in children.

Given the difficulty in assessing microcirculation in con-
scious pediatric patients, all measurements were made with
the patients sedated in the context of surgery. Therefore, the
results obtained may be influenced by the anesthetic procedures.

The acquisition and analysis of videomicroscopy se-
quences were performed in accordance with current recom-
mendations [16, 17]. During image acquisition, the re-
searchers avoided the presence of artifacts from secretions,
pressure on vessels, or inadequate illumination. The

sequences that did not meet quality standards were not con-
sidered for analysis.

The deferred analysis of videomicroscopy sequences was
performed using a semi-automated software. All sequences
were analyzed by the same operator. Although this could be a
potential source of bias, the operator has extensive experience
in the semi-automated analysis of videomicroscopy sequences
as he has analyzed more than 500 sequences in previous studies
[29, 33, 34]. This could reduce the risk of bias associated with
the presence of different operators. To prevent additional bias,
images were anonymized prior to the analysis of images.

Conclusions

CPB in a heterogeneous group of pediatric patients was asso-
ciated with alterations in the microcirculatory compartment,
including a reduced vascular density and microvascular blood
flow and an increased heterogeneity. These alterations reversed
after surgery and were associated with prognostic variables and
clinical outcomes. The response of the microvascular compart-
ment was different in cyanotic and acyanotic patients.
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