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WckyccTBennast BEHTUIISAINS JeTKUX CBsI3aHa € PAa3BUTHEM PsiZia OCIOKHEHWH, YBETNIUBAIONINX 3aTPaThl HA
JieYeHre U TOCIUTalbHY 0 JieTanbHocTh. B 2004 roxy 6wl npeaioken Tepmut VBJI-unHaynupoBaHHON (BEHTHIIS-
TOp-UHAYIIMPoBaHHON ) mucdynkimn anadparmsl (U /1/]) B kauecTBe 01HON 13 TPUYWH HEYAATHOTO TIPEKPATIEeHIST
pecrupaTopHOi MoAepKKU. B HacTosi1iee BpeMst 10/l STUM TEPMUHOM TIOHUMAIOT coueTatnue aTpodun 1 ¢1abocTu
COKPATUTEIBHON (DYHKINY TnadparMbl, BEI3bIBaeMbIe HETIOCPEICTBEHHO JITTUTETbHON NCKYCCTBEHHON BEHTUIISATINEN
serkux. B matoreneze MM /1/] Basknyto posib UTPAIOT OKCUIATUBHBIN CTPeCC, TPOTE0TN3, MUTOXOH/IpUATbHAS JIVC-
(dYHKIM, a TAKKe TTACCUBHOE TIePePaCcTsiKeHUe BOJOKOH AuadparmMbl. YUUTbIBas, 4YTO HeOOXOAUMOCTh B MEXaHIUe-
CKOIi pectipaTopHoii nopuepxke ucibiTbiBatior 30—80% Gosbrbix B OPUT, a saske 6—8-u yacoBas HCKyCCTBEHHAst
BEHTUJISIIIUS JIEFKMX MOKET CIIOCOOCTBOBATH PA3BUTHUIO 3HAYUTEILHOM ¢1abocTu uadparMbl, MOKHO C/I€JIaTh BHIBO/I,
uyro MUI/] siBisiercst kpaiiHe akTyaibHOI 1po0JieMoii y GOJIbIIMHCTBA NAeHToB. Ee TunmyHas KianHuyeckas Kap-
TUHA XapaKTepU3yeTcst HapyIeHUsIMI MEXaHWKH JBIXaHNs ¥ Hey/ITaYHbIMI TOTIBITKAMU TIepPeBo/ia aleHTa Ha ca-
MOCTOSITEJIbHOE JIbIXaHWe IIPK OTCYTCTBUU JAPYTMX BECKUX NPUYMH PECHUpPATOPHbIX HapyuieHnuii. HaubGosee
NHQMOPMATHBHBIM 1 IOCTYITHBIM METO/IOM INAarHOCTUKH siBJisgeTcs ¥Y 3V, a mepcrneKTUBHBIM TTOX0/I0M K ITpoduIak-
THUKe W KOPPEKITNU CYNTAETCS COXpaHeHNe aKTUBHOCTHU CIIOHTAHHOTO JIBIXaHUS 1 MCTI0JIb30BaHNe HOBEUTITUX BCITO-
MOTATeJIbHBIX PEXUMOB BeHTWANNK. [lomck omTmManmbHON cTpaTernn BEHTWJISAIINHM JIETKUX, Pa3BUTHE
JIMATHOCTUYECKUX U (PU3MOTEPAIIEBTHYEKNX METO/IOB, @ TAK/KE KOHCOJMIAIMs Pab0Thl MHOTOIPO(MUILHON KOMaH/IbI
CHeTNaINCTOB (AHECTe3MOJIOTOB U PEAHNMATOJIOTOB, HEBPOJIOTOB, TIYJIBMOHOJIOTOB, XUPYPTOB U J[P.) MOTYT TIOMOYb
B Pelenun Toi cepbesnoit mpobaembl. B 0630pe 122-x ncrounnkos 06 M1/l npeacTaBuim JaHHbIe T0 UCTOPHH
BOIIPOCA, OTIPEIEJIEHUIO TPOOJIEMbI, 9THOJIOIUH U TIATOT€HE3Y, KJIMHIYECKUM MPOSIBJEHMSIM, METO/IaM IMarHOCTHKH,
BJIMSTHUIO JIEKAPCTBEHHBIX CPEJICTB, TTYTSM MPOMDUIAKTUKY U TePalnu.

Kantoueswvte caoea: uckyccmeennas senmunsiyus aeekux; UBJI-undyyuposannas oucymnxuus ouappazmol; oxu-
OaHMHbLIL CMPECC; MUMOXOHOPUATLHAS OUCDYHKUUSL; PENCUMbL BEHTNUTLAYUU JELKUX.

Mechanical ventilation is associated with a number of complications that increase the cost of treatment and the
hospital mortality rate. In 2004, the term «ventilator-induced diaphragm dysfunction» (VIDD) was proposed to
explain one of the reasons for the failure of respiratory support. At present, this term is understood as a combination
of atrophy and weakness of the contractile function of the diaphragm caused directly by a long-term mechanical
lung ventilation. Oxidative stress, proteolysis, mitochondrial dysfunction, as well as passive overdistension of the
diaphragm fibers contribute greatly to the pathogenesis of VIDD. Since 30—80% of patients in the ICU require me-
chanical respiratory support and even 6—8 hours of mechanical lung ventilation can contribute to the development
of a significant weakness of the diaphragm, it can be concluded that the VIDD is an extremely urgent problem in
most patients. Its typical clinical presentation is characterized by impaired breathing mechanics and unsuccessful
attempts to switch the patient to the spontaneous breathing in the absence of other valid reasons for respiratory dis-
orders. The sonography is the most informative and accessible diagnostic method, and preservation of spontaneous
breathing activity and the use of the latest mechanical ventilation modes are considered a promising approach to
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prevention and correction of the disorders. The search for an optimal strategy for lung ventilation, development of
diagnostic and physiotherapeutic methods, as well as the consolidation of the work of a multidisciplinary team of
specialists (anesthesiologists and intensive care specialists, neurologists, pulmonologists, surgeons, etc.) can help in
solving this serious problem. A review of 122 sources about the VIDD presented data on the background of the issue,
the definition of the problem, etiology and pathogenesis, clinical manifestations, methods of diagnosis, the effect of

drugs, prevention and therapy.

Keywords: mechanical ventilation; ventilator-induced diaphragm dysfunction; oxidative stress; mitochondrial dys-

[function; ventilation modes
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BBenenne

C mowmenTa mosienust B Hadasne 1950-x romos,
nckyccTBeHHas BeHTU AN gerkux (MBJI) crama
CaMBIM YaCTBIM METOJIOM KU3HEOOECTICUECHS, TPUMe-
HSIEeMBIM B OT/CJIEHUSX PEAaHUMAIUN U WHTEHCUBHOM
teparuu (OPUT) [1]. [To narabivm mutepatypsr, UBJI
ucnosb3yior y 33—82% nanumentos OPUT [2].

[ToMUMO OCYIIECTBICHUST Ta3000MEHHOM (PYHK-
un, UBJI mpenoTBpaniaet nepeyToMIeHne IbIXaTerb-
HOIT MYCKYJIaTyPbI, IPOTUBOACHCTBYST, TAKMM 0GPa3oM,
pasBUTHIO (PEHOMEHA <«PECIUPATOPHOTO OOKPaJIbIBa-
HIIsT», BBI3BIBAEMOTO HHTEHCUBHOW PaboTOil IbIXaTe h-
HBIX MBI [3]. C TOUKU 3pEHMS PECTTMPATOPHOI MeXa-
Huky, VBJI npexacrasisier coboit ocobyo (opmy
MBIIIEYHOTO OEe3/eHCTBYS, TIPH KOTOPOU OTCYTCTBYET
9IEKTPO(MUBMOTOTUIECKAsT aKTUBHOCTH AHadhparmbl,
YTO CIIOCOOCTBYET €€ ParpysKe, OJIHAKO, OTHOBPEMEHHO,
B pe3yJIbTaTe IMUKIMIHOTO PA3/yBaHUS JIETKUX, OTMeda-
eTCsT TACCHBHOE M3MeHeH Ve [UTHHBI MUOGUOPIILT [4].
HecmoTpst Ha BO3MOKHOCTH COBPEMEHHBIX JIbIXaTEb-
HBIX alllapaToB U COOTIOICHNE IPIHITUTIOB MPOBEACHUS
MmaIel uin «porekTuBHOi» MBJI, mpobiema cBsi-
3aHHBIX C HEHl OCTIOKHEHWH He TepsieT CBOeH aKTyash-
HOCTH, TIOCKOJIBKY COTIPSKEHA € YBEJTMUEHUEM 3aTpaT
Ha JIedeHne 1 TOCTTUTAIBHON JIETATLHOCTH |2, 3].

Hcropusa Bonpoca

VYixe B 1980-x ro1ax mpomioro cToaeTus, Bpaun
OPUT cramm 3amevaTh, YTO Y MHOTUX TAIIMEHTOB C
JIBIXATETHbHOW HEJIOCTATOYHOCTBIO TIPW YBEJIMYEHUN
PabOThI IBIXaHMs 1 HATPY3KK Ha JBIXaTEIbHYIO MYyC-
KyJIaTyPy PasBUBAJIOCH COCTOSTHUE YCTAJIOCTH JiHa-
(dbparmpl. Ty HAGMIOAEHUS IPUBEJIM K BOSHUKHOBE-
HUIO T'UIIOTE3bI, YTO JIJI IPEJOTBPALIEHUS OL0OHbIX
HOCJIEICTBUN TpeOyeTcst eproj «arnadparMaibHOTO
OT/IbIXa», COIIPOBOKAAIOIIMUIICS TTOJTHBIM T10/[aBJI€H-
eM aKTUBHOCTHU JuaparMbl, KOTOPOTO MOXKHO JIOCTHUT -
HYTh C MOMOIIBIO MTPUHYIUTEIbHON MeXaHUYeCKO
BEHTUJISIIAN.

Haunnag ¢ xonma 1980-x nagama 90-x rogoB B
JIUTEpPAType CTAH TIOSIBJISIETCS CBEJICHUS, YTO TTPUHY-
mutenbHas VBJI cama no cebe criocoOHa BHI3BIBATH
CTPYKTYPHbBIE ¥ (DYHKITMOHATbHbIE U3MEHEHUS B JIa-
(bparme uAPYTUX IBIXaTENILHBIX MBIIITIAX. BriepBbie a0
6b10 onmcato A. S. Kinsely et al., korma mpu Mukpo-
CKOITMYECKOM HuccyenoBannn auadparmer y 13 ymep-

Introduction

After its invention in early 1950s, a mechanical
lung ventilation (MV) has been the most frequently
applied method of life support used in the intensive
care units (ICUs) [1]. According to the literature
data, the MV is used in 33—82% of ICU patients [2].

In addition to its gas exchange functions, MV
prevents overstrain of the respiratory muscles, thus
counteracting the development of the «respiratory
steal» phenomenon caused by an intensive work of the
respiratory muscles [3]. From the point of view of res-
piratory mechanics, the MV is a special form of muscle
inactivity without any electrophysiological activity of
the diaphragm which contributes to its unload, how-
ever, at the same time, as a result of cyclic lung bloat,
there is a passive change in the length of myofibrils [4].
Despite the potential of modern ventilator apparatus
and adherence to the principles of sparing or «protec-
tive» ventilation, the problem of associated complica-
tions is still urgent, since it is associated with an
increase in the cost of treatment and the hospital mor-
tality rate [2, 5].

Background

As early as in 1980s, ICU doctors began to notice
that many patients with respiratory failure developed
weakness of the diaphragm with an increase in the res-
piratory activity and the load on the respiratory mus-
cles. These observations led to a hypothesis that a
period of «diaphragm rest», accompanied by a com-
plete suppression of the diaphragm activity, which can
be achieved by mechanical ventilation is required to
prevent such effects.

Since late 1980s and early 1990s, papers have
been published demonstrating that forced ventilation
alone can cause structural and functional changes in
the diaphragm and other respiratory muscles. For the
first time, this phenomenon was described by A. S.
Kinsely et al., when microscopic examination of the
diaphragm in 13 deceased infants who were on venti-
lator for 12 or more days before death demonstrated
muscle fiber atrophy, fatty myocyte dystrophy,
swelling of the extracellular space, and leukocyte in-
filtration. In the reference group, 26 patients who were
on ventilator for less than 7 days, the authors did not
find such changes [6]. Other researchers found atro-
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HIXX HOBOPOSKJIEHHBIX, HaxouBIuxcs Ha VIBJI B Teue-
Hue 12 u Godtee Heit 1o cMepTH, GbliIa BBIABJIEHA aTPO-
(bUsT MBIIIEYUHBIX BOJIOKOH, JKMUPOBAsI TUCTPODUS MHUO-
IUTOB, OTEK BHEKJETOYHOrO IIPOCTPAHCTBA WU
JelikonuTapHas nHbuasTpaims. B KonTposbHOIl rpyII-
e U3 26 naiueHTos, Haxoxusmuxcsa VBJI menee 7
CYTOK, aBTOPbI He OOHAPYIKUIIU TIOJI0OHBIX U3MEHEHU T
[6]. Apyriumu viccneoBaTesIsIMU IIPU TUCTOJIOTUYECKOM
1 GHOXUMUYECKOM HCCJIE/IOBAHUYM OMOTITATOB JHa-
(hparm pasiMuHBIX BUIOB KUBOTHBIX ObLIa OOGHAPYKe-
Ha aTpodIs U PEMOJIETNPOBAHIE MBIIIEYHBIX BOJIOKOH
nipu junrenasroit UBJI, uTo npuBoanio Kk CHU3KeHUIo
COKpaTUTeIbHOI criocobHocTH quadparmsbr [7—11].

B 2004 rozy T. Vassilakopoulos u B. J. Petrof pex-
JIOKUJIF TEDMUH «BEHTUJISITOP-UH/YIIUPOBAHHAST JIUC-
dynxuua pradparmbr> — (VIDD — Ventilator-Induced
Diaphragm Dysfunction), ormcbIBaionuii oy s mpu-
YMH HEYJIAYHOTO MPEKPAIeHus] PECIIUPATOPHON 10/
nepkku ¢ popmysmposkoii «loss of diaphragmatic force-
generating capacity that is specifically related to the use
of mechanical ventilation» («cHuxeHne cokpaTuTeb-
HO#T c11ocoOHOCTH InadparmMbl, HEMOCPEICTBEHHO CBSI-
3aHHOe ¢ ucriosib3oBanueM NBJI») [12].

VccnepoBanusi Ha M30JMPOBAHHBIX 0Opa3ax
TKaHu auadparMbl MO3BOJIHIN MPEIIOJ0KUTh, YTO
OCHOBHbBIE TIATODU3NOJIOTUYECKIE M3MEHEHUs TPU
JTOM CUH/IPOME IIPOUCXO/IST HA KIETOYHOM YPOBHE.
ITO cormacyercst u ¢ TeM (hakToM, 4To y GOJIBITUHCTBA
HAIMEeHTOB, Y KOTOPBIX HE YAaBaloCh MPEKPATHUTh
nposenenrie UBJI, nepuas ummyJsibcarus K quadpar-
Me B IeHCTBUTENLHOCTH GbLIa YCUIIEHa, HO TIPU 9TOM
COKPATUMOCTbH MBIIIIIIBI OCTABAJIACH HU3KOH [4].

Xorts cBuzeTenbeTBa B 110163y MBJI-unmyiupo-
BAHHOTO TIOBPEXKIeHUs AuadparMbl Y >KUBOTHBIX
GbLIM BIIOJIHE YOEIUTENbHBI, HAMHOTO 60J1e€e C0KHOIT
3a/1aueil MpeCTaBIsAIOCh MOATBEPKIEHIE NaHHOIO
tdenomena y mozeii. CI0KHOCTU B MEPBYIO OYEPED
ObLIM CBS3aHBI C OTPOMHBIM KOJMYECTBOM COITYT-
CTBYIOIMUX (AKTOPOB, BJIUSIIONINX HA AuadparMaib-
HyI0 (hyHKIUIO (BO3PACT, XapaKkTep OCHOBHOTO 3a60-
JIEBAHUSI, JIEKAPCTBEHHAs] Tepalus, pas3indHble
pexxumbl IBJT), a Takyke ¢ TEXHUUECKUMU CJIOSKHOCTSI-
MU OIleHKH anadparMaibHoil GyHKIUK Y 6OJTbHBIX B
KPUTHUYECKUX COCTOSAHUSIX. [ToTpeboBanoch HECKOIIb-
KO JIET ¢ MOMEHTa MepPBOro YIOMUHAHUS 00 3TOM
(denomene B JmTepaType A0 TOSBIEHUS paboT,
Pe3yJIbTaThl KOTOPhIX OKOHYATETHHO M OJHO3HAUHO
noTBepauan ero pazsutue y naruentos OPUT.

JIus B 2008 roxy 911 gaHHbIe ObLIN Oy OJIMKO-
BaHbl pabodeil rPyIIoi o PyKoBOACTBOM S. Levine
ABTOpBI M3yYaM GUONTATHI TKAHK AnapPArMbl, TOJIY-
YeHHblEe OT MAIUEHTOB — [OHOPOB OPraHOB CO
CMEePTbHIO FOJIOBHOTO MO3Ta, KOTOPbIE HAXO/MJINUCH HA
W BJI B Teuenue pazinunoro nepuoja Bpemenn (ot 18
1o 69 yacoB) 10 MoMeHTa 3abopa opranos. B komt-
POJIBHYTO TPYTITY GbLIM OTOOGPAHBI MAIIMEHTOB, KOTO-
PBIM [IPOBOJUJIMCH TOPAKAJIBHBIE OTIEPAIIUU TI0 TOBO-
ny n06pOKaYeCTBEHHBIX 0Opa3oOBaHUN WM paka
Jerkoro, mpu Kotopsix BJI ucnonb3oBaiack B Teue-

phy and remodeling of muscle fibers after prolonged
mechanical ventilation using histological and bio-
chemical tests of bioptates of diaphragms of different
species of animals, which led to decreased contractility
of the diaphragm [7—11].

In 2004, T. Vassilakopoulos and B.J. Petrof pro-
posed a term VIDD (Ventilator-Induced Diaphragm
Dysfunction), which described one of causes of the fail-
ure of the respiratory support as follows: «loss of di-
aphragmatic force-generating capacity that is specifically
related to the use of mechanical ventilation» [12].

Tests of isolated samples of diaphragm tissue sug-
gested that the main pathophysiological changes in
this syndrome occured at the cellular level. This is
consistent with the fact that in most patients who
have not been able to stop MV, nerve impulses to the
diaphragm were actually increased, but the muscle
contractility remained low [4].

Although the evidence for ventilator-induced di-
aphragm damage in animals was quite convincing, it
was much more difficult to confirm this phenomenon
in humans. The difficulties were mainly associated
with a huge number of related factors affecting the di-
aphragmatic function (age, the nature of the underly-
ing disease, drug therapy, various modes of MV), as
well as with the technical difficulties in assessing the
diaphragmatic function in critical-state patients. It
took several years from the first mentioning of this
phenomenon in the literature to publication of studies
whose results finally and unambiguously confirmed its
development in ICU patients.

Only in 2008 were these data published by the
task force under the leadership of S. Levine. The au-
thors studied the diaphragm tissue bioptates obtained
from organ donors with brain death who were on ven-
tilator for different periods of time (18 to 69 hours)
prior to organ collection. The reference group in-
cluded patients who underwent thoracic surgery for
benign tumors or lung cancer during which the venti-
lator was used for 2-3 hours. As a result, in the tissues
of the first group of patients, obvious signs of dystro-
phy and atrophy of muscle fibers, a decrease in the
level of glutathione, and increased expression of en-
zymes involved in proteolysis of muscle tissue were
found. In the second group, the changes were related
to the increase in the concentration of oxidative stress
markers alone, without any structural damage [13].
Later, data confirming the possibility of development
of the ventilator-induced diaphragm damage in hu-
mans were published by other authors [14, 15].

In 2011, a group of authors from the Netherlands
published a paper demonstrating that even a short-
term MV was sufficient for the development of the
changes described by S. Levine. Samples of muscle tis-
sue were taken for examination immediately after di-
aphragm exposure (reference group), and then after 2
hours of ventilation [16]. As a result, it turned out that
despite the absence of visible morphological changes
in the diaphragm fibers, the force of their reductions
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Hue 2—3 yacoB. B urtore, B TKaHSAX 1epBOM TPYIIIIbI
MAIMEHTOB ObLIM OOHAPYKEHBI SIBHBIE TIPU3HAKH JIHC-
Tpodun u aTpodun MBIIIETHOI BOJOKOH, CHUKEHUE
YPOBHSI [JIyTaTUOHA, YBeJIUUeHue aKcipeccun dep-
MEHTOB, BOBJIEYEHHBIX B IIPOTEOJU3 MBbIIIEYHOI
TKaHu. Bo BTOpOIl rpyIiie nu3amMeHeHus Kacajuch TOJb-
KO yBeJIMYEHUs] KOHIIEHTPAIMI MAapKepOB OKUCJIH-
TEJBHOTO cTpecca 6e3 CTPYKTYPHBIX MOBPEKICHUN
[13]. B nanbHeiinem, janubie, TOATBEPK/AIONIIE BO3-
MOXHOCTb  pasutus  VBJI-ungayrnupoBanuoro
HOBPesKIeHUs auadparMbl y yenoBeka ObLIu oy -
KOBaHbI U IPyrUMu aBTopamu [ 14, 15].

B 2011 romy rpynma aBropos uz Huzepsanaos
orybanKoBaia paboTy, POJAEMOHCTPUPOBABIIYIO, UTO
nake "HeriponospkuTesnbuas IBJI nocraTtouna s pas-
BUTHUSA U3MEHEeHUi, onucanubix S. Levine. 3a6op o6pas-
I[OB MBIIIIEYHON TKAHU [IJIs1 U3YUEHUs] TTPOU3BOJIHIICS
cpasy 1ocsie obHaxkenust auadparmbl (KOHTPOJIb), a
3ateMm ciryctst 2 yaca VUBJI [16]. B pesysibrare okasa-
JIOCh, UTO, HECMOTPSI HAa OTCYTCTBUE BUIMMBIX MOP]O-
JIOTUYECKUX U3MEHEHWIT BOJIOKOH JinadparMbl, CIIIA UX
COKpAIIIEHIIT CHU3UJIACH TPUMEPHO Ha 35% T10 CpaBHe-
HUIO ¢ KOHTpoJieM. IIpu aToM, HUKAKUX M3MeHEeHMit
JPYTUX CKEJIETHBIX MBI TAKKe He GbII0 0GHAPYIKEHO.
Ha ocHoBanum sTUX JAaHHBIX aBTOPBI IEJIAI0T BBIBO/I,
41O yoKe 2-X yacoBas npunyzaureabias UBJI npusoaur
K Pa3BUTHUIO COKPATUTEIBHON ciabocTu auadparmbl
[16]. [Ipunnmas Bo BHUMaHUE TOT GaKT, YTO PYHKITUS
madparMasibHOTO HepBa U HeliPOMBIIIIeYHAs TTepeiada
HE TIO/IBEPraiach KaKuM-JI0O0 U3MEHEHMSIM, BOSHIKHO-
BEHUE COKPATUTEIBHO CIaB0CTH TIPOUCKOAUT UMEHHO
Ha YPOBHE MBIIIIEYHBIX BOJIOKOH [2].

ITo gannbiv B. Jung et al. quadparmasibaas auc-
ynxrms serpedaercst y 60—80% narentos OPUT [17].
E. C. Goligher et al saduxcupoBasu ymeHbiieHe To1-
HBI inacdparmer 6ostee yeM Ha 10% npu T TesIbHO-
cru UBJI 6ostee 4 cyrok y 50% manuentos [18]. Apyrue
ABTOPBI YKA3bIBAIOT, YTO MPU3HAKK AUadparMaIbHOI
auchyHKIMU obHapykuBaloTcss y 49% NalueHTos,
ckonuasiuxesd B OPUT [19].

Onpenesenue npooIeMbI

B nacrosiiee Bpems nox repmunom MBJI-unmy-
nupoBaHHoe TnoBpexaenne mauadparmsr (M)
MOHUMAIOT CoYeTaHue aTpoun U ciIaboCcTH COKPaTH-
TebHON (dyHKIMK AuadparMbl, B OCHOBE KOTOPBIX
JIeSKaT MEXaHU3MBI, BbI3bIBaeMble iimnTenbroi BJI [4].

Taxum o6pazom, mpecTaBaeHue 06 5ToM GeHO-
MeHe 3HAYNTEJIbHO 9BOIOIMOHUPOBAJIO 3 TIOCTCTHIE
25 JieT U MPOABUHYJIOCH OT OIUCATETHHOTO JTAlA K
pacimndpoBKe MEXaHU3MOB, OTBETCTBEHHBIX 32 €T0
pa3BUTHE, YTO CTATIO BO3MOKHBIM GJIaroaps akTuB-
HOMY POCTY 4MCJIa KCIIEPUMEHTAJIbHBIX U KJIWHUYE-
CKHX UCCIICIOBAHUH.

ITHOJIOTHS U NTATOTeHE3

[Toarsepskaenne Toro, yro MBJI Moxer ObITH
MPUYMHOM BOSHUKHOBEHUS AUCHYHKITUHN uadparmbl

decreased by about 35% as compared to the reference
group. At the same time, no changes in other skeletal
muscles were also found. Based on these data, the au-
thors conclude that a 2-hour mechanical ventilation
leads to the contractile weakness of the diaphragm
[16]. Taking into account the fact that the function of
the phrenic nerve and neuromuscular transmission has
not been subjected to any changes, the contractile
weakness occurs at the level of muscle fibers [2].
According to B. Jung et al., diaphragm dysfunc-
tion occurs in 60—80% of ICU patients [17]. E. C. Go-
ligher et al. registered a reduction in the diaphragm
thickness by more than 10% in 50% of patients during
the MV lasting more than 4 days [18]. Other authors
demonstrate that signs of the diaphragm dysfunction
are found in 49% of patients who died in the ICU [19].

Problem Definition

At present, the term «ventilator-induced damage
to the diaphragm» (VIDD) is defined as a combina-
tion of atrophy and weakness of the contractile func-
tion of the diaphragm, which are based on the
mechanisms caused by prolonged ventilation [4].

Therefore, the concept of this phenomenon has
evolved significantly over the past 25 years and has
moved from the descriptive stage to the decoding of
the mechanisms responsible for its development,
which was made possible by a great increase in the
number of experimental and clinical studies.

Etiology and Pathogenesis

The evidence that the MV may cause the di-
aphragm dysfunction in humans has led to an active
search for the mechanisms responsible for the devel-
opment of this phenomenon in the hope that it will
create the ground for its prevention and therapy.

The triggering mechanisms of activation of intra-
cellular cascades of diaphragm damage and its dysfunc-
tion during a long-term ventilation are explained in
different ways. For example, R. T. Davis et al. in the ex-
periment demonstrated that a 6-hour MV led to a de-
crease in blood flow in the diaphragm by 75%,
increased the extraction of oxygen, as well as impaired
the normal response of the microcirculatory bed to an
increased load, thus possibly inducing the oxidative
stress, according to the authors [20]. Other researchers
focus on the special functioning of the diaphragm mus-
cle fibers during mechanical ventilation, i.e. passive
stretching of fibers in the electrical rest. But, despite
the described hypotheses, the relationship between the
MYV and cellular mechanisms remains unclear [4].

In 2003, it was shown that the MV induced ox-
idative stress, which in turn induced morphofunc-
tional changes in respiratory muscles [21]. Later, the
fact that oxidative damage is an important condition
for formation of the diaphragm damage has been
confirmed by a variety of clinical and experimental
studies.
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y JIOfiel, CIocOOCTBOBAJIO AKTUBHBIM TIOMCKAM MeXa-
HU3MOB, OTBETCTBEHHBIX 32 PA3BUTHE 9TOTO (heHOMEHA
B HAJIEXK/I€ HA TO, YTO ATO CO3/ACT IIOYUBY /IJISI €70 MPO-
(OUIAKTUKY U TEPATUHL.

[IyckoBbie MEXaHM3MBbI AKTUBAI[UU BHYTPHKJIE-
TOYHBIX KACKA/[0B TOBPesKAeHUs nuadparmMbl U Hapy-
meHusa ee GYHKIMKU Ipu guTeabioil IBJI o6bsic-
HaloT mo-pasuHomy. Hampumep, R. T. Davis et al.
nokasasiu, uto 6-u yacoBag MBJI, B akcriepumenre,
NPUBOIUT K YMEHbIIEHIIO KPOBOTOKA B inacdparme Ha
75%, yBeIMIMBAET SKCTPAKIIUIO KUCIOPO/A, & TAKXKe
HapyIIaeT HOPMAJIbHBIN OTBET MUKPOIMPKYJIATOPHO-
ro pycJia Ha yBeJMYeHre HArPy3KH, 4TO, 10 MHEHUIO
ABTOPOB, MOXKET WHIYLIUPOBATb OKUCIUTENbHBII
crpecc [20]. ApyrumMu uccie/JoBaTeNsIMU JIeIaeTcst
aKIeHT Ha 0co60e DYHKIIMOHUPOBAHUE MBITIIEYHbIX
BOJIOKOH uadparmbl B iportecce UBJI — maccushoe
pacTsykeHUe BOJIOKOH, HAXOMSAIIUXCS B dJIEKTPHYeE-
ckoM 1okoe. Ho, HecMOTps1 Ha OMcaHHble TUIIOTE3HI,
cBs3b Mesk Ly iporierypoit UBJI u kierounbiMu Mexa-
HU3MaMU OCTAETCS He /IO KOHIIA SICHOU [4].

B 2003 rozxy 6b110 10Kazano, uto MBJI unmyuu-
PYET pa3BUTHE OKICIUTEIBHOTO CTPECCA, & OH, B CBOIO
ouepeib — MOPGHODYHKIIMOHAIBHBIX H3MEHEHUI
JbIXaTebHbIX Mbli [21]. B panbneiiniem, ToT ¢akr,
YTO OKUCJIUTENbHOE MTOBPEXKIEHUE SIBIISIETCSI OJHUM
U3 BAXKHBIX YCIOBUEM (POPMUPOBAHUS TOBPEKIEHUST
nuadparMbl, ObLI TOATBEPIKIEH MHOKECTBOM KJIMH-
YeCKUX U OKCIIEPUMEHTATIbHbIX UCCJIEIOBAHUI.

OxcumaTuBHBII cTpecc

OnHuM M3 TEPBBLIX /I0KA3aTEJIbCTB B TOJb3Y
AKTUBAIIMU TIPOIECCOB OKUCIEHUS CTaIN JaHHbIe 00
YBEJIMYEHUN aKTUBHOCTU (hepMEHTa CYTIEPOKCHIINC-
MyTasbl B guadparme npu FIBJI, 4To 6BLIO pacieHeHo
aBTOpaMU, KaK 3allliTHAs peakiingd Ha Pa3BUTHE OKHUC-
auTenbHoro crpecca [22]. Jaumsle, 0603HaunBIIIE
POJIb OKHCIUTEBHOTO CTpecca B pa3BUTHH aTpodun
UMMOOUIU3UPOBAHHBIX CKEJIETHBIX MBI  ObIIH
omybaukoBanbl panee [23].

Kak nmokasasnm nccsieoBanus, pa3BuTie OKUCIm-
TEJIBHOTO CTPECCa, B MUPOKOM CMBICTIE, 0OYCIOBICHO
CHUKEHMEM aHTUOKCH/IAHTHBIX PE3ePBOB BOJOKOH
nuadparmel [24] B couetaHuu ¢ TUNEPIPOLYKITUEN
akTUBHBIX (hopMm kuciopoga (ADK) u mpoaykros
MEPEKUCHOTO OKHUCJECHUS, BCJEICTBUE AKTUBAIUU
psana mpookcupanTHbix pepmentoB (NADPH-okcu-
JIa3bl, KCAHTHH-OKCUIa3bl, FeM-OKcurenasbl) [25—27],
a TakKe MUTOXOHAPHUANbHON auchynkinuu [28, 29].
ToT dakt, 4TO MUTOXOH/IPUU SBJSIOTCS OCHOBHBIM
ucrounnkoM AMK, BriepBbie ObLI yCTAHOBJEH B
MCCIeIOBAHUAX HA KUBOTHBIX, O/IHAKO, B JlaJIbHE-
1eM, ToI06HbIe Pe3YIBTAThI GBI MOTYYEeHbI U T/
TBEPIKJIEHbBI B KIIMHUYECKUX nccaenoBanusx [30—33].
ITo manubiv M. Picard et al. giurenpnas UBJI npu-
BOAMUT K CHWKCHUIO YTUIU3AIMU U HAKOIJICHUIO B
MUTOXOH/IPUAX MBIIIEYHBIX BOJOKOH Juadparmpl
OCHOBHBIX 3HEPTETUYECKUX CyOCTpPaToB (JKUPHBIE

Oxidative Stress

Data on the increased activity of the superoxide
dismutase enzyme in the diaphragm during the me-
chanical ventilation considered by the authors as a
protective reaction to the oxidative stress is one of the
first evidence in favor of activation of oxidation
processes [22]. Data demonstrating the contribution
of the oxidative stress to the development of immobi-
lized skeletal muscle atrophy has been published pre-
viously [23].

As studies have shown, the development of ox-
idative stress, in a broad sense, is due to a decrease in
antioxidant reserves of the diaphragm fibers [24] in
combination with overproduction of reactive oxygen
species (ROS) and peroxidation products, due to the
activation of a number of prooxidant enzymes
(NADPH oxidase, xanthine oxidase, heme oxygenase)
[25-27], as well as mitochondrial dysfunction [28, 29].
The fact that mitochondria are the main source of
ROS have been established in animal studies for the
first time; however, later, similar results have been ob-
tained and confirmed in clinical studies [30-33]. Ac-
cording to M. Picard et al., a long-term ventilation
leads to reduction of utilization and accumulation of
the main energy substrates (fatty acids, glucose) in the
mitochondria of the muscle fibers of the diaphragm
with subsequent impairment of the function of the res-
piratory chain [28], disjunction of tissue respiration
and overproduction of ROS [34]. The use of mito-
chondrial antioxidants in animals prevents the activa-
tion of certain proteolytic systems and reduces the
severity of morphological changes in the diaphrag-
matic fibers in a long-term ventilation confirms this
fact greatly [35]. Therefore, at present, it is the mito-
chondrial dysfunction that is considered to make the
leading contribution to the development of oxidative
stress [4, 36, 37]. Taking into account the fact that bio-
markers of oxidative damage of diaphragm fibers in
rats were detected after 6 hours of ventilator, it can be
concluded that the oxidative stress develops very
quickly [32].

The development of oxidative stress leads to the
formation of typical morphofunctional changes due to
inhibition of the activity of the main protein synthesis
cascades [38, 39], as well as activation of the main in-
tracellular proteolytic systems (calpain [40], caspase
[41, 42], ubiquitin-proteasomal [43], autophageal-lyso-
somal [44—46]) as early as after 12 hours of the MV.
The relevance of contribution of each of the proteolytic
systems remains a subject of debate, but their activa-
tion, including the mutual one, leads to a decrease in
the muscle mass of the diaphragm and the development
of its contractile dysfunction [4]. The contribution of
autophagy is the most ambiguous one. Some authors
believe that in the early stages of the development of
VIDD, autophagy may be a protective mechanism
through which damaged mitochondria are utilized
[46]. Some studies demonstrated that in addition to
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KICJIOTBI, IJII0KO3a) € MOCJEeAYIONUM HapyIlleHueM
dbyHKIMN AbIXaTenbHOol temn [28], pasobuieHuIo TKa-
HeBoro apixanus u runieprpoaykimn ADK [34]. Beco-
MBIM /[OKA3aTeJIbCTBOM B I10JIb3Y ATOTO (DAKTA, SIBJISIET-
€ TO, YTO WCIIOJIb30BAHME MUTOXOHPUATBHBIX
AHTHOKCU/IAHTOB Y JKMBOTHBIX IIPEIOTBPAIAET aKTH-
BaI[MI0 HEKOTOPBIX IMPOTEOJUTUIECKUX CHCTEM WU
YMEHBIIAET BBIPAKEHHOCTh MOP(HOJIOTHUECKIX U3Me-
HeHWil [uadparMagbHbIX BOJOKOH MPH IJIUTENbHOI
WBJI [35]. B cBs13u ¢ 3TUM, Ha CETOHSIIITHUN MOMEHT,
BeJLyIasi POJIb B PA3BUTHH OKUCJIUTEIBHOTO CTPecca
OTBOJIMTCSI UMEHHO MUTOXOHIPUATbHOMN AUCHYHKITN
[4, 36, 37]. [IpuHuMas BO BHUMaHME TO, YTO GUOMAp-
Kepbl OKUCIUTENbHOTO MTOBPEXKAEHUST BOJOKOH JIHa-
(bparMpr y Kpbic 0OHAPYKUBAJIUCH yiKe uepes3 6 4acoB
nposesenust UBJI, MoXKHO cjiesiaTh BBIBOJI, UTO OKHC-
JIUTEJIbHBII CTpece pasBuBaercs KpaiiHe Ob1cTpo [32].

Pa3BuTie OKUCTUTETIBHOTO CTPECCA IPUBOIUT K
(opmupoBanuio xapakrepHbix MOp(PohyHKITMOHAIb-
HBIX UBMEHEHUI, BCJIEZICTBUE YTHETEHUST aKTHBHOCTH
OCHOBHBIX KacKaZoB cuHTe3a 6esika [38, 39], a takske
AKTUBAIIUY OCHOBHBIX BHYTPUKJIETOUHBIX TIPOTEOJIH-
TUYECKUX CUCTEM — KasibllauHoBoU [40], kacmazuoii
[41, 42], youkBuTtun-IpoTeacomuoii [43], ayroda-
raJibHO-JTM30COMaJIbHON [44—46] y:xe ocsie 12 yacoB
NBJI. 3nauenue BKJIa[a KaXKI0W U3 TTPOTEOJTUTHYE-
CKUX CHCTEM OCTAETCs [TPEJAMETOM JIJIsI CIIOPOB, O/[HA-
KO MX aKTUBAIIV, B TOM YHCJIe U B3AUMHAsT, IPUBOUT
K CHUZKEHUIO MBIIIEYHOU Macchl fuadparmMbl U Pa3Bu-
THEM ee COKpaTUTeIbHOI Auchynkiun [4]. Hanbonee
Heo/IHO3HAYHA PoJib ayTodaruu. Hexortopsie aBTophI
MoJIaraioT, YTO Ha panHux aramax pazsutus UM/,
ayTodarust MOJKeT SIBJISAThCS 3aIUTHBIM MEXaHU3MOM,
YTUIUBUPYIOIIUM TIOBPEK/IEHHbIE MUTOXOH/IpUH [46].
B nexoropbix paboTax GbIIO TIOKA3aHO, YTO TOMUMO
aKTuBanuu mporeosutndeckux cucrem, AOK cuu-
JKAIOT YyBCTBUTEJIBHOCTD COKPATUTEIBHBIX GENKOB K
MOoHaM Kajblus [4].

Vruerenue cuHTesa 6eaKa MOKET yCyrybJsTh
MOPQOJIOrnYecKre U3MEHEHUST B TeUEHIE HECKOIbKUX
nHel niau Hezgesb VIBJI, HO B ¢BSI3H € TeM, YTO KJIUHUA-
yecKue MposBiaeHus] AUCHYHKIMN auacdparMel, 110
Pa3HbIM JaHHBIM, BO3HUKAIOT YiKe 1ocie 12-24 qacos
ot Havyasia VIBJI, akTuBaIms nporeosunsa, mo-BUAnMo-
MY, UTPaeT B e MaToreHe3e 3HaYuMyIio poJib [2], a Mop-
odyHKIIMOHATBHBIE IPOSBIEHUS PA3BUBAIOTCS,
IJIaBHBIM 0OPA30M, BCJIE/ICTBUE YBEJIMUEHUS] aKTUBHO-
CTH IIPOTE0JIN3A.

Toukoii NpUIOKEHMS AKTHBUPOBAHHBIX IIPOTEO-
JIUTUYECKUX CUCTEM SIBJIIIOTCSI CTPYKTYPHBIE ¥ COKPA-
TUTeJIbHble KOMIIOHEHTBI CAPKOMEPA: aKTUH, MUO3HH,
tuTuH, HeOyauH [48, 49]. B skciepeMeHTaIbHBIX
paborax OblIa MOKA3aHa MMOCJIE0BATENbHOCTD JIeii-
CTBUSI TIPOTEOJIUTUYECKUX CUCTEM — BHAYaJe Ipo-
UCXOJWT Pa3pylleHre aKTHH-MIO3UHOBBIX KOMILTIEK-
coB (COKpATUTENbHBIIl armapar) IoJ IeiicTBUEM
AKTUBHBIX KaClla3 B COYETAHWM C IOBPEXIEHUEM
TUTUHA 1 HeOyIuHA (CTPYKTYPHBIX GEIKOB) aKTHBU-
poBanubiMu Kasibtaunamu [40, 41]. [ToBpexaentbie

activation of proteolytic systems, ROS reduced the
sensitivity of contractile proteins to calcium ions [4].

The inhibition of protein synthesis may exacer-
bate morphological changes within a few days or
weeks of ventilation, but due to the fact that clinical
manifestations of diaphragm dysfunction, according
to various data, occur 12—24 hours after the beginning
of ventilation, the activation of proteolysis, apparently,
significantly contributes to its pathogenesis [2], and
morphofunctional manifestations develop mainly due
to the increased activity of proteolysis.

The structural and contractile components of the
sarcomere are the point of application of activated
proteolytic systems: actin, myosin, titin, and nebulin
[48, 49]. Experimental works demonstrated the se-
quence of action of the proteolytic systems: at first, the
destruction of actin-myosin complexes (contractile
apparatus) under the action of active caspases in com-
bination with damage of titin and nebulin (structural
proteins) by activated calpaines takes place [40, 41].
Damaged sarcomere proteins (including those dam-
aged by ROS) are utilized by the ubiquitin-proteaso-
mal and autophagal-lysosomal systems [45, 46].

According to some data, the sudden resumption
of load on the muscle tissue after a long period of inac-
tivity (so-called «breakthrough diaphragmatic activ-
ity») may be accompanied by damage of muscle fibers
and may increase the severity of changes in the respira-
tory muscles after a fast switching of a patient to spon-
taneous breathing after a long period of ventilation [50].

Ultrastructural damage of the contractile appa-
ratus of sarcomeres leads to impairment of contraction
of the diaphragm muscle fibers, i.e. the development
of contractile dysfunction [51].

Effect of Proinflammatory Cytokines
and Signaling Systems

Several authors demonstrated that the oxidative
stress leads to activation of the Nf-kB [52] and
JAK/STAT [53] signal pathways, but their contribu-
tion to the development of diaphragm damage has not
been studied well to date. A group of researchers
under the leadership of W. J. M. Schellekens described
an increase in the concentrations of interleukin-6 and
-1f3, tumor necrosis factor alpha, and the activation of
type 4 Toll-like receptors (TLR-4) in myocytes of di-
aphragm after a long-term ventilator. The authors be-
lieve that activation of TLR-4 may be a common
mechanism for ventilator-induced and sepsis-induced
diaphragm dysfunction [54]. According to other data,
the NF-kB signal pathway can also be a connecting
link. [55]. In addition, changes in the expression of
VEGF (vascular endothelial growth factor) and HIF-
1a (hypoxia-inducible factor 1a) were detected in the
diaphragm fibers, but their impact on the pathogenesis
of VIDD has not been determined to date [56].

Summing up the discussion of the pathogenesis
of the VIDD, it should be noted that despite the over-
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(B TOM unciie mog geiicreueM ADK) Gesku capkoMepa
YTUIU3UPYIOTCS YOUKBUTHH-TIPOTEACOMHON 1 ayTO-
(baraspHO-TM30COMANTBHON cucTeMamu [45, 46].

ITo HEKOTOPBIM IAHHBIM, BHE3AITHOE BO30OHOBJIE-
HUe HArPY3KU Ha MBIIIEYHYIO TKAHb TIOCJIE [ITNTEIBHO-
ro nepuoza Gesneiicteusa (Tak HasbiBaeMas — «break-
through diaphragmatic activity» — <«mpopbiBHas»
AKTUBHOCTh AMAa(PArMbl) MOXKET COIPOBOKIATHCS
MOBPEXKJIEHUEM MBIIIEYHBIX BOJOKOH M YCUJIUBAThH
BBIPAJKEHHOCTH U3MEHEHUI [[bIXaTeJIbHbBIX MbIIIIL TPH
MOCIIEITHOM TI€PEBOJIE TIAIIEHTA HA CAMOCTOSITE/IbHOE
JbIXaHUe mocie aauresbHoro mepuoga MBJI [50].

YaBTpacTpyKTypHOE IOBPEKIEHUE COKPATUTE -
HOTO arnapaTa capKoMepoB IIPUBOIUT K HAPYIIEHUIO
IPOILIeCcCa COKPAIIEHUST MBIIIEYHBIX BOJIOKOH fuadpar-
MbI — Pa3BUTHIO COKPATUTEJIbHO Anchynkunu [51].

Bmusinue IMPOBOCHAJUTENbHBIX IUTOKHHOB
U CUTHAJbHBIX CUCTEM

B pa6oTax HEKOTOPHIX aBTOPOB MPOJAEMOHCTPHU-
POBAHO, YTO OKHUCJHTEJbHBIN CTPECC MPUBOIUT K
akTuBanuy curHajbHbIXx 1yteil Nf-kB  [52] w
JAK/STAT [53], omHako ¥X poJib B Pa3BUTUU [Ha-
(bparMasbHOrO MOBPEKEEHIST OCTAETCS U3YUEeHHOI
He /1o koH11a. [pynmoii uccienosarenei moa pyKoBoJ-
crBoM W. J. M. Schellekens 6buio onmcano ysesmde-
HUe KOHIIEHTpaInil nHTepJeiiknna-6 n -1, pakropa
Hekposa oryxoJn anbda u akrusaist Toll-like peren-
topoB 4-ro tuna (TLR-4) B Muonmrax auagaprmbl
npu giuteabHoi VUBJI. ABTOpHI osraraior, 4To akTu-
Baryst TLR-4 MoKeT SIBISATHCST OOIMM MEXaHU3MOM
st UBJI-uHaynimpoBaHHON U CeTICUC-UHAYITNPOBAH-
Hot uadparmanbHoit auchynkinu [54]. [lo apyrum
JTAHHBIM, CBSI3YIOTITAM 3BEHOM MOKET TAK)Ke SIBJISThCS
Nf-kB-curnanpusiit myTs. [55]. Takske B BoJOKHAX
madaprMbl ObLIN BBISIBJICHBI H3MEHEHUS B 9KCIIPEC-
cun VEGF (vascular endothelial growth factor) u
HIF-1a (hypoxia-inducible factor 1a), ognako wux
BaugHNe Ha martoreHes VIDD nHa ceromnsmrHunii
MOMEHT He oTpe/esieHo [56].

[ToxBost uror obcyskaeHuto marorenesa M/,
CTOUT OTMETUTH, YTO, HECMOTPSI Ha Ipeobiajfaroiiee
KOJIMYECTBO JIAHHBIX, ONMUCABINUX BJIUSHUE OKHUCJIH-
TEJIBHOTO CTPECCA U MPOTE0JIN3a B BOJIOKHAX uadpar-
MBI, HEJIb3s1 UICKJIOUNTD W JIPYTHE MEXaHU3MbI Pa3BH-
tust guchyHKImn auadparmor |57, 58].

Kmunuuyeckue nposisaenust U/

C ¢dusmonornyeckoit Toukn 3penwus, quadpar-
MaJsbHas TUCHYHKIHS eCTh He YTO NHOe, KaK HeBO3-
MOKHOCTD cO3/laHng auadparMmoii, BeJaeJcTBUE pas-
JUYHBIX TIPUYUH, HEOOXOAUMOTO WHCIHPATOPHOTO
JlaBJIEHNS JIJIS1 aIeKBATHOTO OCYIIECTBIICHUS CIIOHTAH-
Hoit Bertumstiiny [59]. Kimunndeckn cmabocTb aAbrxa-
TEJbHOM MYCKYJaTypbl MOKET IPOABJATLCS Kak
YMEHBIITEHNEM JBIXaTeIbHOT0 00heMa, Tak 1 yBeTnde-
HUEM YaCTOTHI IIXaHWs W BPEMEHU BIOXa, TIPU 9TOM
MOJKET OTMEYAThCST UCKOOPAUHAIS PAGOTHI IbIXa-

whelming amount of data describing the impact of ox-
idative stress and proteolysis in the fibres of the di-
aphragm, we cannot exclude other mechanisms for the
development of diaphragm dysfunction [57, 58].

Clinical Manifestations of VIDD

From the physiological point of view, diaphrag-
matic dysfunction is nothing but the inability of the
diaphragm to create a necessary inspiratory pressure
for adequate spontaneous ventilation due to various
reasons [59]. Clinically, the weakness of respiratory
muscles can be manifested by both a reduction of the
respiratory volume and an increase in respiratory rate
and inhalation time, with discoordination of respira-
tory muscles and /or participation of additional respi-
ratory muscles in the act of breathing [60].

The primary diagnosis of diaphragm dysfunction
is based on the inability to switch the patient to spon-
taneous breathing, provided there is no other reason
explaining the need to prolong the MV. Therefore, only
after the most likely causes of diaphragm dysfunction
have been ruled out, it is necessary to consider whether
it is a consequence of mechanical ventilation.

Differential Diagnosis

From the standpoint of differential diagnosis, the
ventilator-induced diaphragm dysfunction is a diagno-
sis of exclusion. The development of this phenomenon
may be suspected, if after a period of mechanical ven-
tilation, the patient presents weakness of the respira-
tory muscles, while other possible causes of contractile
weakness are excluded. At the same time, it is necessary
to take into account that the VIDD can worsen the ex-
isting diaphragm damage of another etiology.

For example, cardiosurgical interventions are the
most common cause of postoperative paralysis of the
diaphragm due to direct mechanical (with isolation of
the internal thoracic artery) or thermal (cold cardio-
plegia) damage to the phrenic nerve. In most cases,
paresis of the diaphragm after cardiac surgery is uni-
lateral, but bilateral damage is also possible [61].

Any long-term surgical interventions associated
with a long-term mechanical ventilation can lead to
the development of the VIDD in the postoperative pe-
riod [62]. Differential diagnosis between the damage
to the phrenic nerve and VIDD can be carried out
using electroneuromyography (ENG): in the first case,
disorders occur in the muscle fibers, and the conduc-
tivity of the impulse along the phrenic nerve remains
normal [62].

According to the literature, sepsis, including that
at the early stages of development [63], is an independ-
ent factor that has a negative impact on the structural
and functional state of the diaphragm. B. Jung et al. de-
scribed that the development of sepsis in patients on
MYV led to a twofold increase in atrophy and contractile
weakness of the diaphragm [64]. Taking into account the
fact that the contractile weakness of the diaphragm can
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TeJBHBIX MBI U/UJIU y4acTUe B aKTe IbIXaHUs
JIOTIOJIHUTEIbHOM JIbIXaTeTbHOM MycKyJ1aTypbl [60].

[lepBuuHas auarHocTuka aradparMaabHO [¥c-
(DYHKIINY OCHOBBIBAETCSI HA HEBO3MOKHOCTH IIE€PEBe-
CTU TIAI[IEHTA HA CAMOCTOSITE/ILHOE JIBIXAHUE TIPH YCII0-
BUM OTCYTCTBUS KaKOW-JMOO APYroil MPUYMHBI,
o0bscHsIONIel HeobxonuMocTh npoanenus MBJI. B
CBSI3U C 9TUM, TOJIbKO TIOCJIE TOTO, KAK CaMble BEPO-
SITHBIE IPUYUHBI adparMaibHOl aucdyHKIm GyayT
UCKJTIOUEHbI, HEOOXOIUMO 33/[yMAThCsT, HE SABJISIETCS JIH
OHA CJIeICTBUEM MEXAHUYECKOU BEHTUJISIUHL.

JIuddepennuaibHas 1HarHoCcTUKA

C nozunuii guddepeHImansbHON TUArHOCTUKH,
NBJI-unpynupoBantast aAucHyHKIMS gauadparMbl
ABJISETCS IMArHO30M UCKIIOUEHMS. 3aM0/[03PUTD Pas-
BUTHE 3TOTO SIBJIECHUS MOXKHO B cjlydae, eciu 1moce
nepuoja npunyautenabnoit UBJI y nannenTa Bo3nu-
KaeT cJaboCTh ABIXaTETbHON MYCKYJIaTYPbI, TPU 9TOM
JIpyTHie BO3MOKHBIE TIPUYMHBI COKPATUTETHHON CJla-
6ocTn uckIoYeHbl. B To jke BpeMst, Heo6X0anMo yuu-
TeIBaTh, YT0 M /[/] MoXeT yTaXKeadaTh y:Ke uMero-
nieecst TOBpeskieHue AnadparMbl THON 3THOJIOTHH.

Tax, HanrpuMmep, KapAMOXUPYrUyecKre BMela-
TEJNBCTBA SABJAIOTCSA HawboJiee 4YacTON TPUUUHOI
MOCJICOTIEPAIIMOHHOTO TTapanya [uadparMbl B CBI3U
C IPSIMBIM MeXaHW4YecKUM (TIPU BbIJICJIEHUN BHYTpe-
Hell TPyHON apTepun) WK TEPMUYECKUM (X0JI0/10-
Bagd KapIMOTLJIETH ) TIOBPEsKIeHUEM AnadparMaibHO-
ro HepBa. B 6osbIIMHCTBE cryyaes napes auadparmbl
mocjie  KapAuOXWPYPTrUYECKOTO  BMeEIIATeJbCTBA
ABJIAETCS OJHOCTOPOHHUM, HO TaKKe BO3MOKHO U
JIByCTOpOHHEee noBpeskaenne [61].

[TpopomskuTebHBIE XUYPIrUYECKUE BMEIIATEb-
cTBa JI000r0 MPOGhUIIs, CBSI3aHHDBIE C TIPOBEIECHIEM
JUIATENbHOM puHyanTe bHoi UBJI, MoryT ObITh upe-
BaTel pasButuem WI/[/[ B mocieonepalilnoHHOM
nepuoje. Inddepenmanbiyio AnarnocTUKY TOBPEXK-
nenust muacdparmanbioro nepsa u MW/ moskuo Tipo-
BECTH C MCIOJIb30BAHUEM dJIeKTPOHEeHpoMuorpabun
(9HMT): B nepBoM cirydae HapyIlIeHUs BOSHUKAIOT B
MBIIIIEYHBIX BOJIOKHAX, & TIPOBOAMMOCTb UMITYJIbCA O
JnmadparManibHOMY HEPBY OCTaeTcsl B HOpMe [62].

[To ganHBIM JIUTEPATYPBI, CETICUC, B TOM YHCJIE U
Ha HaYaJIbHbIX ATarax pazsutus [63], ssBisieTcst Hesa-
BUCUMBIM (DaKTOPOM, OKa3bIBAIONUM HETaTUBHOE
BJIMSIHUE HA CTPYKTYPHO-(YHKIIMOHAIBHOE COCTOSTHIE
muadparmbr. B. Jung et al. onicasm, aro pasBuTue cer-
cucay naiuenToB Ha VIBJI mpuBOAUT K IBYXKPATHOMY
YCHJIEHUIO aTPOGUHU 1 COKPATUTENBHOIT c1abocT ina-
parmel [64]. Yautsiast v TOT (hakT, 4TO COKPATUTETH-
Hast c1abocTh nadparMbl MOXKET Pa3BUBATHCS BCIIE/I-
CTBHE KapJAMOreHHOro 1oka [65], HeKoTOpbIMM
MCCIIEI0OBATENIAMHY TIPe/IJIaTacTCs PacIieHUBaTh ee Kak
MIPOsIBJICHIE CHHIPOMA TIOJTMOPTaHHOM HEZIOCTATOYHO-
CTH TIOCJIe KPUTUIECKUX COCTOSTHMI [63].

VY 6onbHBIX, Haxoaammxcs Ha Jedyenun 8 OPUT,
HaOJTIO/IAETCST BBICOKUIT PUCK Pa3BUTHSI TIOJHHEHPOTIa-

develop due to cardiogenic shock [65], some researchers
suggest to consider it a manifestation of multi-organ fail-
ure syndrome after critical conditions [63].

Patients the ICU are at a high risk of developing
critical illness polyneuropathy and myopathy, which are
united in a concept of ICUAW (Intensive Care Unit
Acquired Weakness) in the Western literature [66, 67].
Muscular dysfunction developed at the same time af-
fects not only peripheral skeletal muscles but also the
diaphragm, increasing its contractile weakness [67].

The above factors may affect the duration of the
MYV and reduce the likelihood of a successful weaning
of the patient from respiratory support.

Effect of Drugs

Some of the drugs widely used in the ICU can
have a negative impact on the structural and func-
tional state of the diaphragm.

Inhalation Anesthetics/Hypnotics

Sevoflurane is widely used in anesthesiology as
an inhalation anesthetic with an organ protective ef-
fect, which is achieved during pre-ischemic and post-
ischemic preconditioning [68]. However, its effect on
the structure and function of the diaphragm remained
unclear. Results of a study carried out by T. Breuer et
al. demonstrated that the use of sevoflurane (at a dose
of 1 MAC) led to the development of contractile weak-
ness of the diaphragm in rats, as well as the activation
of signal pathways of atrophy in the absence of signs of
oxidative stress during both MV and spontaneous ven-
tilation [69]. Similar data were obtained by X. J. Zhang
et al. when using propofol in patients during the anes-
thetic support [70]. T. Breuer et al. demonstrated that
dexmedetomidine does not affect the severity of oxida-
tive stress, proteolysis and diaphragm atrophy, but sig-
nificantly reduces its contractile strength [71]. For a
deeper understanding of the effect of the described
drugs on the function of the diaphragm, as well as the
development of protocols for their use in the ICU, fur-
ther research is necessary, but the available results can
already have a practical application.

Muscle Relaxants

An experimental study carried out by D. Testel-
mans et al. demonstrated that the use of rocuronium
increased the severity of the VIDD after a 24-hour
ventilation, while cisatracurium had no significant ef-
fect on the function of the diaphragm [72, 73].

Glucocorticosteroids (GCS)

According to some data, GCS (regardless of the
dose) can worsen the function of the diaphragm in an-
imals with prolonged ventilation in various modes [ 74,
75]. However, a group led by K. Maes described that
the use of im methylprednisolone (30 and 80
mg/kg/day) in rats prevented the development of the
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TUU U MUOTIATUU KPUTUYECKUX COCTOSIHUI, 00bet-
HgeMbIX B 3ara/jiHol aurteparype B nousatue [CUAW
(Intensive Care Unit Acquired Weakness — crabocTs,
npuobpeTeHHast B OT/eJieHUI HHTEHCUBHON TEPAITIH )
[66, 67]. PazBuBatomascst npu 3TOM MbIIIIEYHAS JTUC-
yHKIUS TOMIMO TiepudepruecKoil CKeJeTHOI Myc-
KyJIaTypbl 3aTparuBaet u auadparmy, yCUIuBas ee
COKpaTUTEIbHYIO c1abocTh [67].

Omnucanubie Bbilie (aKTOPBI MOTYT OKA3bIBATh
BJMsAHUE Ha asiuTesabHocTs VBJI, a Takike cHUKATD
BEPOSITHOCTb YCIIENTHOTO OTTYYEHUS TIAI[eHTA OT Pec-
MUPATOPHOI MOJIEPKKU.

Bmsnue JIEKAPCTBEHHBIX IIpE€NMapaToB

Hexotopsie u3 mmpoko ucnosbdyembix B OPUT
MPEnapaToB CIOCOOHBI OKA3bIBaTh HETATHBHOE BO3-
JeficTBUE HA CTPYKTYPHO-(DYHKIMOHAIBHOE COCTOS -
Hue quadparmbl.

I/IHI‘aJI}II.[I/IOHHI)Ie AHECTETHUKHU / THITHOTUKH

CeBoiopaH sIBJISIETCS MTMPOKO IPUMEHSIEMbIM B
AHECTENOJIOTUN UHTASAIIMOHHBIM aHECTETUKOM C Opra-
HOITPOTEKTUBHBIM 3(h(HEKTOM, KOTOPBIii JIOCTUTAETCST BO
BpeMsI TIpe- U TIOCT-UIIEMUYECKOTO TIPEKOHTUITMOHUPO-
Banust [68]. OHako ero BiusiHne Ha CTPYKTYPY U (PyHK-
U0 MadparMbl OCTaBAJIOCH SICHBIM He /10 KOHIIA.
Pesyusrare nccnenosanust T. Breuer et al. iokasasm, uro
npumMenenne cesodurypana (8 103e 1 MAK) npuBoauT k
Pa3BUTUIO COKPATHTEJIBHON ciabocTu auadparmbl y
KPBIC, a TAK)Ke aKTUBAIINU CUTHAJIBHBIX IyTel atpodun
Ha (hoHe OTCYTCTBUA IPU3HAKOB OKUCIUTEIBHOTO CTPEC-
ca kak ipu UBJI, Tak 1 Ipu CrIOHTaHHOW BEeHTUJISAIINN
[69]. [Tono6uble nanmbie GbLu moaydenst X. J. Zhang et
al. pu ucrnosb3oBaHuu TPoTIodhosIa y MAIUEHTOB BO
BpeMst aHecTesroorimdeckoro nocobus [70]. T. Breuer et
al. poJIeMOHCTPUPOBAIH, YTO JEKCMEIETOMU/INH He
BJIMSIET HA BBIPAKEHHOCTb OKUCIMTEIBHOTO CTPECca,
poteosm3a u arpodun uadparmbl, HO TIPU 3TOM 3HAYU-
TEJIbHO CHUIKAET ee COKpaTutenbHyio cuiy [71]. s
Gosiee rryGOKOTO TIOHUMAHST BIVSTHYST OTTUCAHHBIX TPe-
HapaToB Ha (QYHKIHIO AuadparMbl, a TakKe pa3paboTKu
nporokosioB ux npumenenuss B OPUT HeoOGXoauMbl
JaJIbHelIe  MCCIe0OBaHNs, OJIHAKO MMEIONecs
pe3yJbTaThl yKe ceiiyac MOTYT MMETh MPAKTUYECKU
CMBICJL.

MHOpeJIaKcaHTbI

B skcniepemenTanbHoM uccaegoBanun D. Testel-
mans et al. 6b1JT0 TTOKAa3aHO, YTO IPUMEHEHNE POKYPO-
Hus yeusinBaeT Beipakennoctb /] npu 24-yaco-
Boii MBJI, B TOo BpeMs Kak IHcaTpakypuil He
OKa3bIBaeT 3HAYMMOTO BIUSHUSA HA (DYHKIUIO JHa-
bparmbr [72, 73].

I'moxokopruxkocrepount (I'KC)

ITo opnum pannbiv, KC (11€3aBUCUMO OT 7103bI)
CIIOCOOHBI yXYAIIATH (PYHKIMIO AuadparmMbl y KUBOT-

VIDD after a long-term ventilation [76]. It is inter-
esting that the use of low doses (5 mg/kg) only wors-
ened the structural and functional state of the
diaphragm, even more than mechanical ventilation
alone [77]. The published data do not allow to make
an unambiguous conclusion about the influence of
GCS on the structural and functional state of the di-
aphragm, which requires further scientific research.

Diagnostic Methods

To assess the state of the respiratory muscles dur-
ing patient's spontaneous breathing through the en-
dotracheal or tracheostomy tube, one can use the
RSBI index (Rapid Shallow Breathing Index), calcu-
lated as a ratio of the respiratory rate to the respira-
tory volume in liters. According to the literature,
values of RSBI <100 indicate the patient's readiness
to stop the respiratory support [78].

In some modern respirators, there are built-in in-
struments for assessing the status of respiratory muscles
during the mechanical ventilation using MIP indicators
(Maximal Inspiratory Pressure) and P0.1 (occlusion
pressure at 0.1 second) [78]. It should be understood
that these parameters allow to evaluate the function of
all respiratory muscles, but not the diaphragm alone.

At the same time, the possibility of monitoring of
the transdiaphragmatic pressure both during sponta-
neous breathing (Pdi) and during electric or magne-
tostimulation of n.phrenicus (TwPdi) is described [78,
79]. At present, according to the recommendations of
the American Thoracic Society, the diaphragm dysfunc-
tion is determined at alwPdi drop of <11 mm Hg [62].
However, the measurement of these parameters requires
specialized balloon probes, which are not always avail-
able in routine practice. According to A. C. Watson et
al., pressure measured at stimulation of n.phrenicus di-
rectly in tracheostomy or endotracheal tube (TwPtr —
twitch tracheal airway pressure) in the absence of
expressed restrictive disorders may be used for an indi-
rect assessment of the diaphragm function [80].

In addition, the diaphragm excursion can be
evaluated using such techniques as radioscopy, radi-
ography, and MR imaging [78, 81]. It should be added
that radiation imaging techniques have significant
technical limitations for routine use in clinical prac-
tice, as well as low specificity [79], for example, in
cases when a high position of the cupula of diaphragm
is due to pneumonia and/or lung atelectasis [78].

Special attention in the literature is paid to the
monitoring of the electric activity of the diaphragm
(EAdi) using intraesophageal sensors in accordance
with a «<NAVA» technique (neurally-adjusted ventila-
tory assist) («MAQUET Holding B. V. & Co. KG»,
Germany). Among the effects of this mode, the litera-
ture described the improvement of patient's synchro-
nization with the respirator [82], the possibility of
evaluating the contractile function of the diaphragm at
the level of the EAdi, which according to researchers
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HbIX TIpu junTesnbHOM VIBJI B pa3ziumyHbix peskxumax
[74, 75]. Oxnaxo, rpymioii moa pykoBoacTtsom K.
Maes 6bIJI0 OTIHCAHO, YTO TPUMEHEHNE METHIITIPEIHI-
3osi0Ha (30 1 80 MT/Kr//1€Hb B/M) Y KPBIC ITPELYTTPEXK-
naet pazsutue UNJIJL npu poaurensuoit UBJI [76].
WNurepecHo, 4To IpuMeHeHne HU3KUX 7103 (5 MI/KT)
TOJIBKO YXY[ALIAJIO CTPYKTYPHO-(DYHKIIMOHATBHOE
cocrostuue auadparmbl, gaske B 60JbIneil cTenenu,
yeM IPOCTO TPUHYIUTENIbHAS BeHTuadusa [77].
Ony6MKOBaHHBIE JIaHHbBIE HE MO3BOJISIIOT CEIATh
O/lHO3HAYHbIN BbIBOJ KacaresabHo Baugnud [KC na
CTPYKTYPHO-(DYHKIINOHAIBHOE COCTOsTHIE Auadpar-
MBI, 4TO TPpeOyeT AaIbHENIIero HayYHOTO MOUCKa.

MeToabl AMATHOCTUKHU

[l5151 O11eHKN COCTOSTHUSA JIbIXATEJIbHBIX MBIIII] B
mpoliiecce CaMOCTOSATEJBHOTO [IbIXaHUS MallleHTa
yepe3 9HA0TPAXCANbHYI0 WU TPAXeOCTOMUYECKYTO
TpyOKy MOKHO uctoib3oBaTh nigexe RSBI (Rapid
Shallow Breathing Index — unzmekc yactoro nosepx-
HOCTHOTO JIBIXaHUA ), PACYUTBIBAEMbIH KaK OTHOIIEHUE
YACTOTHI JIBIXaHUSI K J[BIXaTeIbHOMY OOBEMY B JINTPaX.
3unauenus RSBI <100, mo fanubiM iutepatypsbl, TOBO-
PAT 0 TOTOBHOCTH TIAIIMEHTA K TPEKPAIIEeHUIO PEeCIT-
paTopHoit mojiepxkku [78].

B HEKoTOpPbIX COBPEMEHHBIX PecIupaTopax
BCTPOEHBI MHCTPYMEHTBI OIIEHKU COCTOSHUS JIbIXaTe b=
HBIX MBI B TIPOIlecce BCIIOMOTATEIbHOM BEHTHIIAIINN
JIETKKX € TIOMOIIbIO TIoKazaresieit MIP (Maximal Inspi-
ratory Pressure — MakcuMasibHOe JIaBJicHUE BIOXA) U
P0.1 (okksosunonnoe nasienne 0,1 cexyHpl Bioxa)
[78]. Heob6xoammMo MOHUMATh, YTO JaHHbIE II0KA3aTe I
MO3BOJIAIOT OIIEHUBATD (DYHKIIMIO BCEX JIBIXaTEIbHBIX
MBIIIIIL, HO HE U30JIMPOBAHHO Jina(parMbl.

Bwmecre ¢ Tem, onucbiBaeTCs BO3MOKHOCTD MOHM-
TOpUHTA TpaHcAnadParMajbHOTO JABJACHUS KaK TIPU
crionTanioM apixanuy (Pdi) [78], Tak 1 Bo Bpems aJiek-
TPO- WJIM MarHUTOCTUMYJIAIK n.phrenicus (TwPdi)
[78, 79]. B nactogmuii MOMEHT, 110 PEKOMEHIATUSIM
Amepukanckoro Topakaibhoro obiiectsa, anadpar-
MaJbHasd AUCHYHKIM onpeesisieTcs Py CHUKEHUN
TwPdi <11 MM pr. cT. [62]. OnHako, A5 U3MEPEHIT
MaHHBIX TIOKa3aTesell Tpedyercst HamuKe Crelram-
3MPOBAHHBIX OAJIOHHBIX 30H/IOB, YTO HE BCET/A IOCTYTI-
Ho B pyrunno# npakrtuke. [To rannbim A. C. Watson et
al. mast xkocBeHHOU oreHKu (GyHKIUN guadparmbi
MOZKHO UCTIOJIb30BaTh JIaBJieHIe, UI3MEPEHHOE TIPU CTH-
myJssiiry n.phrenicus HampsiMyio B TpaxeocToMude-
CKOi1 mym sugopaxeanbHoil Tpyoke (TwPtr —twitch tra-
cheal airway pressure), pu OTCYTCTBUM y MalMeHTa
BBIPAKEHHBIX PECTPUKTUBHBIX Hapytienuii [80].

Kpome Toro, akckypcusi auadparmMbl MOXKeET
OBITH OIEHEHA € TOMOIIBIO TAKMX METOJMK KaK PEHT-
retockomnus, pentrenorpacdus, MP-pusyanusamus
[78, 81]. Hesbsa e 106aBUTh, YTO IyYEBbIE METOAUKI
BU3yaIU3aIlMU UMEIOT 3HAUYUTEJbHbIE TeXHUYECKHE
OTpaHUYEHUS /LI PYTUHHOTO UCTIOJIb30BAHNS B KJIH-
HUYECKON TpPaKTHKe, a Takke HU3KYIO creruduy-

allows to increase the success of patient's weaning from
the respirator [83, 84]. M. Dres and A. Demoule de-
scribe the possibility of calculating the Vt / EAdi index
to assess the ability of the diaphragm to «convert» the
respiratory drive into the respiratory volume. Its high
values indicate that the patient achieved the target Vt
at a relatively low EAdi, while its low values indicate
the impossibility of providing adequate alveolar venti-
lation due to the diaphragm dysfunction [59].

According to R. Di Mussi et al., application of
NAVA after a long-term MV is able to improve the
function of the diaphragm in comparison with PSV
(pressure support ventilation) [85].

Ultrasound Diagnosis of VIDD

At present, only sonography combining the us-
ability, low cost and the possibility of a daily bedside
use is the method of choice for evaluating the function
of the diaphragm in the ICU.

For the first time, data showing the potential of
sonography in diagnosis of the VIDD were published
by H. B. Grosso et al. [86]. The authors described a 6%
reduction in the thickness of the diaphragm muscle
layer for each day on ventilator. T. Schepens et al.
demonstrated that the diaphragm thickness begins to
decrease after 24 hours of ventilation, reaching a max-
imum on the 3rd day [87]. The linear relationship be-
tween the duration of respiratory support and the
decrease in the thickness of the diaphragm was
demonstrated by M. Zamboon et al. [88].

The diaphragm can be assessed the respiratory
excursion can be evaluated using the standard M-mode
through the acoustic windows of the lower intercostal
spaces and under the xiphoid process. At the same
time, it is proposed to consider the reduction of the di-
aphragm excursion by less than 25 mm a manifestation
of the contractile weakness [89]; but according to M.
Umbrella et al. this parameter should be considered in
patients during attempts of spontaneous breathing
only and not during mechanical ventilation [90]. S.
Spadaro et al. s proposed to use the D-RSBI index (di-
aphragmatic-RSBI), calculated as a ratio of the respi-
ration rate to the absolute value of the diaphragm
excursion measured by sonography. According to the
authors, the value of D-RSBI <1.3 may be a predictor
of a successful weaning from the respirator [91].

A group of researchers under the leadership of
G. Ferrari developed the DTF index (Diaphragm thick-
ness fraction) to assess its functional state and readiness
of the patient for weaning from the ventilator [93]. The
index is calculated using the following formula:

DTF=((Thickness at the end of inhalation—Thick-
ness at the end of exhalation))/(Thickness at the
end of exhalation) X100%

The data obtained by the authors demonstrated
that in patients successfully weaned from the respira-
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HOoCcTb. Hanipumep, B ciryyasix, Korja BBICOKOE CTOSTHUE
Kymosa auadparMbl  0OYCJIOBJIEHO TTHEBMOHUEH
1/WJTN aTesIeKTa3oM Jierkoro [78].

OtnesnbHOE BHUMAHUE B JINTEPATYPE YAEJISIeTCs
MOHUTOPUHTY 9JIEKTPUUECKOI AKTUBHOCTHU AnA(PParMbl
(EAdi) ¢ ucnosib3oBanueM BHY TPUIIMAILEBOAHBIX T4~
KoB 110 MeToauke «NAVA» (neurally-ajusted ventilatory
assist) («MAQUET Holding B.V. & Co. KG», Iepma-
Hust). Cpeant adhheKToB JAHHOTO pEsKUMA B JIUTEPATYPE
OITMCBIBAIOTCS YTy UIlleHIe CHHXPOHU3AIINY TTAI[IIEHTA C
pectipatopoM [82], BOBMOKHOCTh OIIEHKH COKpaTH-
TesIbHOM (hyHKIK gradparMbl 1o yposrio EAdI, 4to mo
MHEHUIO UCCJIEZIOBATEIEl TI03BOJISIET YBEJIIIUTD YCIIell-
HOCTb OTJIy4eHus narrenTa ot pectiuparopa [83, 84]. B
pa6ore M. Dres u A. Demoule ommceiBaeTcst BO3MOX-
HOCTB pacuera ungexca Vt / EAdi ais onenku crioco6-
HOCTH IaparMbl «<KOHBEPTUPOBATH» PECIIUPATOPHBDIIT
JIPaiiB B [IbIXaTe/IbHbIH 00beM. BbicoKue 3HaueH st 1oKa-
3aTeJisi TOBOPSIT O IOCTUKEHUH TTAI[IEHTOM IIeIeBOTO Vit
npu otHOCHTEbHO HU3KoH EAdi, B TO Bpemst Kak ero
HU3KHE 3HAUCHUST YKA3bIBAIOT HAa HEBO3MOKHOCTH 06ec-
HeyeHusl aeKBATHON aJbBEOJISIPHOI BEHTUJISIIIN
BeJtesicTBYE aradparMasbioi aucdyHkimm [59].

ITo panubiM R. Di Mussi et al., npumenenne
NAVA mnocne pinutenbHoil npunyaurtenbuoin VBJI,
COCOBHO yrydIaTh (hyHKIHIO AuadparMbl B CpaBHe-
nuu ¢ PSV (pressure support ventilation —BenTuis-
ST C TIOIEPIKKON HaBieHnem) [85].

YasrpazBykoBas nuarnoctuka M/ /]

B nacrosammit Moment, autiib ¥ 3, coueraloniee
B cebe TIPOCTOTY UCIIOIb30BAHUS, HEBBICOKYIO CTOM-
MOCTDb ¥ BO3MOKHOCTD €Ke/[HEBHOTO TPUKPOBATHOTO
WCIIOJNB30BAHYS, SIBJISIETCS METOJIOM BbIOOpa st
orterku pynximu auadparme B OPUT.

BriepBpie ganuble, MOKa3aBIIMe BO3MOXKHOCTU
V3U B aquarnoctuke U/ 6buin onyOaMKoBaHbl B
uccieposannu H. B. Grosu et al. [86]. ABropsbr onuca-
JIN YMEHBIIIEHUE TOJIUHBI MBITIIEYHOTO €081 inadpar-
MBI Ha 6% 3a KaXK/[ble CyTKU MPOBEEHHHbIE TTAllNeH-
tom na MIBJI. T.Schepens et al. mokaszasm, 4ro Tommuna
nuadgparMbl HAUMHAET YMEHBIIATHCS YKe Tocie 24
yacoB VBJI, nocturas makcumyma Ha 3-u cytku [87].
JInHeliHy10 3aBUCUMOCTb MEXK/LY IJTUTEIbHOCTBIO pec-
MUPATOPHON MOAJEPKKN U YMEHBIIEHUEM TOJIIUHBI
madparmbl mokasann M. Zamboon et al. [88].

Ucnonb3ys  crangaprobiii - M-pexxum Y 3U,
MOJKHO 00CJIe0BaTh inadparMy u OIEeHUTh JIbIXaTe b-
HYIO 9KCKYPCHIO Yepe3 aKyCTUYecKue OKHA HUKHUX
MeKPeOEPHBIX TPOMEIKYTKOB U TI0Jl MEYEBHUIHBIM OTPO-
ctroM. [Ipu aTOM, yMeHbIlIeHNe BeTMYMHBI 9KCKYPCUN
madparmMbl MeHee 25 MM TIPeJIJIAraeTcs PACIeHNBATh
Kak [posiBJICHUE COKPaTUTEIbHOM caabocT [89], omHa-
ko 1o arueiM M. Umbrello et al. mannbrit mokazarennb
CJIe/lyeT pacCMaTpUBaTh Y MAIIMEHTOB UCKJIIOUNTEILHO
BO BPEMsI TOIBITOK CAMOCTOSITEJIHOTO JIBIXaHUs, a He
npu BeroMoraTenbHoii Bentuamn [90]. S. Spadaro et
al. mpemnmoxuau ucnonb3oBath uHgeke D-RSBI

tor DTF values were significantly higher than those
in patients requiring the prolongation of ventilation.
The authors believe that DTF>36% may be a critical
point that determines the success of withdrawal of the
respiratory support [92]. In a study of E. Di Nina et
al., 88% of 49 patients successfully weaned from the
respirator had DTF >30% [93].
A widespread introduction of sonography in the
ICU allowed to develop not only new parameters for
assessing the function of the diaphragm, but also to
modify the existing ones. For example, in the work
published by P. Pirompanich and S.Romsaiyut, a com-
bined use of RSBI and DTF indices has greatly in-
creased the sensitivity of these parameters to predict
successful weaning of patients from the respirator [94].
The possibility of a daily bedside ultrasound
monitoring of the structural and functional state of
the diaphragm was described by E. C. Goligher et al.
[95]. The authors showed that both the decrease and
increase in the thickness of the diaphragm was associ-
ated with low DTF values, i.e. with the development
of contractile dysfunction. Among the potential causes
of the increased thickness of the diaphragm, the au-
thors describe its inflammatory or hydrostatic edema.
At that, the reduction of the diaphragm contractile ac-
tivity while using forced modes of ventilation or pres-
sure support ventilation in the PSV mode have been
described [96]. To answer the question how the in-
crease in the thickness of the diaphragm is related to
its contractile dysfunction, sonography should be
combined with a morphological examination of the di-
aphragm, according to T. Vassilakopoulos [97].
Therefore, sonography capable of assessing the
mobility of the diaphragm is the most accessible and
informative method of diagnosis of the VIDD for cli-
nicians, which allows to obtain indirect, but available
parameter, which in the absence of other possible
causes of the diaphragm weakness confirms the VIDD.
The cause for its development should be determined
based on the data from patient's medical history, clin-
ical presentation, and findings of additional tests.
Unsuccessful attempts of weaning from the ven-
tilator are observed in 20% of patients, and the time
spent on weaning procedure may take up to 40% of the
total time spent by the patient on ventilator [98, 99].
In this regard, the issue of prevention and correction
of the VIDD is extremely urgent.

Possible Ways of Prevention
and Treatment

Although over recent years our knowledge about
the pathogenesis of the VIDD has been significantly
expanded, there is still no single approach to preven-
tion and treatment of patients with this syndrome.
Therefore, methods which although are not a gener-
ally accepted standard but have a reasonable patho-
physiological base confirmed by experimental studies
will be discussed below.
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(diaphragmatic-RSBI), pacunTbiBaeMblii KaK OTHOLIE-
HIE YaCTOThI JIbIXaHUS K aGCOMOTHOMY 3HAUYEHHIO IKC-
Kypcuu guadparMbl, U3MepeHHo# ¢ romoribio Y 31.
[To muenuto aBropos, 3nauenue D-RSBI < 1,3 mosker
SIBJISITBCSI IPEANKTOPOM YCIIEITHOTO OTJIy4eHUsI OT pec-
nupatopa [91].

[pynma wucciemosareseii moj pPyKOBOACTBOM
G.Ferrari paspa6orana ungexc DTF (Diaphragm
thickness fraction — (bpakius yMeHbLUIEHMsI TOJIIHbI
nuacdparmMel) st OIleHKU ee  (PyHKIIMOHAJIBHOTO
COCTOSIHUSI ¥ TOTOBHOCTH TIAIIMEHTA K OTJIYYEHUIO OT
anmapata UBJI [93]. Pacuer unexca npousBoauTcst
1o hopmyie:

DTF=((Tommuna B koH1e Broxa—TosmuHa
B KoHIle Bbi10xa))/(TommuHa B KoHIe BbIIOXA)
xX100%.

[Tony4enuble aBTOPaMU JIAHHBIE TIPOAEMOHCTPH-
POBaJIH, 4TO, Y NAIIMEHTOB, YCIIEIIHO OTJIYYEHHBIX OT
pecriuparopa snaderust DTF 6bLiu J0cTOBEPHO BHIIIIE,
HEXKeJIN Y MAI[MEeHTOB, MOTPEOOBABIIUX TIPOIOJIKEHIST
NBJI. Asropsr nonaraioT, uto 3uavenre DTF>36%
MOJKET SBJISITbCSI KPUTUYECKOI TOUKOIL, OTIpeesisiio-
M1l YCIEeNIHOCTD IIPEKPAIIEHUST PECITUPATOPHOI 1TO/I-
nepxku [92]. B uccnenosanuu E. DiNino et al. uz 49
VCIIENTHO OTJIyYE€HHBIX NAIMeHTOB 88% IalneHToB
umesnn DTF> 30% [93].

[MTupoxoe Buenpenne Y 3 8 OPUT, nozsosmio
pa3paboTaTh He TOJHKO HOBBIE MOKA3ATEJNM OINEHKH
dyuxiun auadparmbl, HO 1 MOAUMUITMPOBATH NMEIO-
muecs. Tax, B pabore, omy6koBanHoii P. Pirompanich
u S. Romsaiyut, coBMecTHOe UCII0/Ib30BAHIE HHIEKCOB
RSBI u DTF 3nauntebHO yBETUUUBAJIO YYCTBUTEIb-
HOCTB 9THUX TI0Ka3aTeJieil IPOrH03a YCIENIHOro OTIyYe-
HUS TIAIIMEHTOB OT pecripaTtopa [94].

Bo3MOKHOCTD  €KeIHEBHOIO IIPUKPOBATHOTIO
¥Y3U moHutopuHra CTpYKTYpPHO-(QDYHKITMOHAIBHOTO
cocrosinus auadparmbl Obita onmcana E. C. Goligher
et al. [95]. ABTODBI II0Ka3a/IH, YTO KK YMEHbIIEHHE, TAK
U YBeJINY€eHUe TOJIIUHBI [ra(parMbl aCCOIMIPOBAHHO
¢ nuskumu 3Havennsamu DTE 1. e. ¢ pazButnem cokpa-
tuTesbHON mucdyHkimn. Cpey MoTeHIIMATbHbIX IPU-
YMH YBEJUYEHUS TOJIIMHBI AuadparMbl aBTOPaMU
OITUCBIBAIOTCS €€ BOCTIATIUTEIBHBIIN UK THIPOCTATHYE-
ckuii orek. IIpu 3TOM OBLIO ONMKUCAHO YMEHBIIEHUE
COKPATUTEIBHON aKTUBHOCTH IaPArMbl IIPH UCTIOJb-
30BAHUU IIPUHYTUTETbHBIX PEKUMOB BEHTHIISIIIUY LI
YBeJIMYEHUN JIaBJIeHUST TOAJEPKKU B pexxume PSV
[96]. dus oTBeTa Ha BOIPOC, KAKUM 00Pa3oM MOMKET
GBITh CBSI3aHO YBEJIMYECHNE TOJIIUHDL UapparMbl 1 ee
COKpaTuTesbHast TUChYHKIUST HeOOXOAUMO COYETATh
Y 3U ¢ mopdosioruyeckum uccienopanveM auadpar-
mbl, cunrtaer T. Vassilakopoulos [97].

Takum 06pasoM, st KIMHUIMCTOB Hanbosiee
JIOCTYITHOUM 1 WHMOPMATUBHOW METOJUKOUN UarHo-
cruku WU/ asisiercd BO3MOMKHOCTH OLEHKU
HOJBUKHOCTU AMAPParMbl € MOMOIIBIO ITPOCTOTO
YJBTPA3BYKOBOTO UCCJEAOBAHUs, GJaaroaps uemy

Ventilation Modes and Training
of the Respiratory Muscles

According to modern concepts, the use of ven-
tilation modes that allow own contractile activity of
the diaphragm can reduce the severity of the VIDD.
C. S. Sassoon et al. demonstrated the advantages of
such modes for maintaining the contractile strength
of the diaphragm in comparison with forced ventila-
tion [100]; at that, it was noted that the use of PEEP
did not affect the development of VIDD regardless of
the selected mode of ventilation [101].

A number authors described the advantages of
the PSV mode (pressure support) in the impact on the
diaphragm during a prolonged mechanical ventilation
[102, 103], but it should be kept in mind that a high
inhalation pressure can have a negative impact on the
respiratory muscles [96].

When comparing the effectiveness of PSV and
NAVA modes after a period of controlled ventilation, it
was demonstrated that the latter contributed to the im-
provement of the parameters of the diaphragm function,
while in a group of patients with PSV these parameters
did not changed [85]. The use of the NAVA mode in-
creases the chances of successful weaning from the MV,
but its ability to inhibit oxidative stress, remodeling and
muscle fiber atrophy requires further study.

In 2010, a study was conducted to assess the ef-
fect of the adaptive support ventilation (ASV) on the
development of VIDD in piglets [104]. After 72 hours
of forced ventilation, transdiaphragmal pressure de-
creased by 30%, and atrophy was observed in the di-
aphragm tissue, while ventilation in the ASV mode
did not lead to such changes. However, no clinical
studies describing the effect of this regimen on the
function of the diaphragm have been conducted.

According to B.Jung et al., MV in a mode of
moderate hypercapnia and respiratory acidosis may
prevent the development of VIDD in animals, in com-
parison with MV maintaining normal values of
PaCO, and pH. [105]. Similar results were also pub-
lished by W. J. M. Schellekens et al. [106]. However,
the applied value of these data should be evaluated in
further clinical studies.

The understanding of the fact that MV can cause
the diaphragm dysfunction has led to a concept of di-
aphragm-protective ventilation. The key point of this
technique formulated by L. M. Heunks and C. Otten-
hejm, is the fact that both insufficient and excessive
inspiratory load on the respiratory muscles can have
a negative impact on their function increasing pa-
tient's stay in the ICU due to irrational respiratory
support [107].

According to some researchers, high-frequency
oscillation of the chest with a special waistcoat may
be a promising method of the respiratory therapy that
has a positive effect on the function of the diaphragm
in the case of a long-term ventilation which previously
showed its effectiveness in the treatment of various
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MOKHO TIOJTYYUTh XOTSI U KOCBEHHBIH, HO JIOCTYITHBII
napameTp, KOTOPbII IIPU OTCYTCTBUU JIPYTUX BO3MOXK-
HBIX TIPUYUH pa3BuTUsT ciabocTu guadparMbl CBU/IE-
tesabcTBeT B 1osib3yy UUJI/I. Ilpuumnna ee pasButus
JIOJKHA OIIPEIENIATHCS UCXO/Is U3 TAHHBIX aHAMHE3a,
KJIMHUYECKOU KAPTUHBI U PE3YJIBTATOB IOMOJTHUTE ] b-
HBIX MICCJIE/IOBAHUI.

Heynaunbie nonbitku otayuyenus ot WBJI
Habmonaores y 20% maIMenToB, a BpeMs, 3aTpayun-
BaeMOe Ha TIPOIIeYPY OTJIYUEHUs, MOXKET 3aHUMATh
110 40% ot 0611ero BpeMeHH, TPOBEIEHHOTO MallueH-
tom Ha VIBJI [98, 99]. B cBsi3u ¢ aTuMm kpaiiHe octpo
CTOUT BOTIPOC 0 ipocuaktuke u koppekiuu U1

Bo3amozkHbIe myTH NPpoHIaKTHKH
U Tepanuu

Hecmotps Ha TO, YTO B TIOCJIETHIE TO/IBI CBEJICHUS
o natorerese MM /I/] cymiecTBeHHO pacHIMPUINCD, /10
CHX TIOD He CYIIECTBYET €AIMHOTO TTOIX0/a K TPO(UIIAK-
THUKE U PEKOMEH/IAINI 10 JICYCHHIO TTAI[MeHTOB ¢ Pas-
BUTHEM [[aHHOTO CHHJpOMa. B cBfA3M ¢ aTUM HUXKe
OyayT 06CY&KIaThCs METO/bI, KOTOPbIE, XOTsI, He
SIBJIAIOTCS OOIIETTPUHATBIM CTAHAAPTOM, HO MMEIOT
060CHOBAHHYIO TATO(DUZHONOTIIECKYIO (Gasy, TOATBEp-
JKIEHHYIO AKCIIepeMEHTaIbHBIMU MCCIIE0OBAHUSMMU.

Pe:xumbi BEHTHUJIAIINHN
1 TPEHHUPOBKA AbIXaTEJbHbIX MBbIIIII]

CorysiacHO COBPEMEHHBIM TIPEJCTABICHUSAM,
IpUMeHEeHNe PEKMMOB BEHTUJILINH, J0MYCKAIONINX
COOCTBEHHYIO COKPATUTEILHYIO aKTUBHOCTD inagpar-
MBI CIIOCOOHO yMeHbINATh BbIpaxkeHHocTb MW/,
C.S. Sassoon et al. mokasauu npenmyiecTBa momao6-
HBIX PEXKUMOB [IJII COXPAHEHHUS COKPATUTEIbHOMN
cuiipl inacparMbl B CPAaBHEHUH € TIPUHYIUTEIHHON
perTasnueil [100], npu aToM OBLIO OTMEYEHO, YTO
ucnoab3oBanue PEEP ne Bauget na pazsutue MNJ1/1
HE3aBUCKMO OT BbIOpaHHoTO peskuma MBJI [101].

Psiiom aBTOPOB OIMCaHbI IIPEUMYIIECTBA PEKU-
Ma PSV (nopep:xku jaBjienriemM) B KOHTEKCTE BO3-
neticTBus Ha auadparmy 1pu piurensaoit UBJI[102,
103], oxHako HEOOXOAUMO UMETD B BUJLY, YTO BHICOKHE
3HAYCHMS JTABJIEHUS BI0Xa MOTYT OKa3bIBaTh HETATHB-
HOe BJIMSIHME HA JIbIXaTeJTbHYI0 MycKyaaTypy [96].

[Ipu cpaBuenuu adpdexruBrocTu pesxkrmon PSV
u NAVA nocite nepuoga kourpoaupyemoii VIBJI 6110
MOKa3aHO, YTO MOCJIEHUIT CTIOCOOCTBOBAJ YIIYUIIEHUIO
napamerpoB (hyHKIMY uadparmMel, B TO BpeMsl, KaK B
rpyiie naiuenToB ¢ PSV atu nmokasartesy He M3MeHU-
suck [85]. UcnonbzoBanne pesknma NAVA yBesndu-
BaeT MIAHCHI Ha ycrelHoe oTaydenue oT VIBJI, Ho ero
CIIOCOOHOCTD TOPMO3UTH PA3BUTUE OKUCIUTETHHOTO
cTpecca, peMOJIeIMPOBAaHUSA U aTPoGUU MbITIIEYHBIX
BOJIOKOH TPeOYeT JaJIbHEIIIero n3yYeHusl.

B 2010 rozy 661710 IPOBEEHO UCCIE[OBAHUE 110
MU3YyYEHUIO aIallTUBHON MOIep:KUBAIONIE BEHTUIS-
nuu (ASV) na pazsutue MUU//] y nopocsar [104].
[Tocse 72 vacosoii npunyaureabnoit UBJI Tpancana-

lung diseases. To confirm this hypothesis, further re-
search is needed [108].

Non-Ventilation Therapy.
Drug Therapy: Antioxidants
and Proteolysis Inhibitors,
«Inotropic» Support

Taking into account the fact that oxidative stress
is an extremely important and initial link in the patho-
genesis of the VIDD and the activation of proteolysis
supports the process of impairment of the diaphragm
function, the use of antioxidants and proteolytic system
inhibitors as a drug therapy seems justified [109]. At
the same time, there are data from a study carried out
by the group of K. P. Howe et al. that show the effec-
tiveness of the clinical use of antioxidants to reduce the
duration of MV [110]. It should be remembered that at
present there is no reliable evidence confirming the fact
that the positive effects achieved by such therapy are
the results of a specific action of these drugs groups.

A direct influence on the contractility of the res-
piratory muscles may be another possible strategy to
increase the muscular strength of the diaphragm. W-
Y. Kim et al. described improvement of diaphragm
contractile activity in patients with diagnosed VIDD
using theophylline; but data from large studies con-
firming the clinical efficacy of theophylline have not
been published to date [111].

In order to influence the contractile function of the
respiratory muscles, calcium sensitizers can be used, in
particular, levosimendan, capable of having a positive in-
otropic effect on the diaphragm in animals [112, 113]. In
2012, ]. Doorduin et al. published a clinical study assess-
ing the effect of levosimendan on the diaphragm contrac-
tility [114]. At that, it was found that the contractile
function of the diaphragm in patients who underwent
the drug infusion was higher than that in the reference
group. Therefore, the use of levosimendan is a promising
approach in the fight against contractile dysfunction of
the diaphragm, but further clinical trials are needed, in
particular, a study of its effects during weaning from MV.

Non-Drug Therapy:
Electrical Stimulation of the Diaphragm

Information about the positive effect of electrical
stimulation on the structure and function of the di-
aphragm during a long-term ventilation appeared as
early as in 1999. The authors described the use of an
implanted bilateral stimulator of the phrenic nerve in
a 49-year-old man with a spinal cord injury at the C2
level. Tt was concluded that the lack of contractile ac-
tivity of the diaphragm led to its atrophy, which could
be corrected by half-hour sessions of daily electrical
stimulation of the phrenic nerve [115].

A number of experimental studies have shown a
positive effect of stimulation of the phrenic nerve on the
structural and functional state of the diaphragm of an-
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(bparmanbHOe faBJieHye CHIKaIOCh Ha 30%, a B TKAHH
nauacdparMbl HaBGMIONAIUCH ABJIEHUST aTPODUH, B TO
BpeMsI KaK BEHTUJISIIINS B peskuMe ASV He mpuBoiniia
K 10M06HBIM u3MeHeHusaM. OIHAKO, KIMHUYECKUX
UCCJIeJIOBAHNI, OIMCHIBAIOIIUX BJIUSHUE IAHHOTO
pexxuma Ha YHKIUIO Auadparmbl, He TIPOBOANIIOCH.

ITo ganubiM B. Jung et al., nposenenne 1BJI B
peKuMe yMePeHHO! IMIIePKAHUU U PECITMPATOPHOTO
aIn103a, BEPOSITHO, CIIOCOOHO TIPEIYIIPEKIATH PA3BU-
te UNJI/] y xxuBoTHbIX, B cpaBaenun ¢ MBJI, oz-
JepskuBaionieit Hopmanbubie 3Havenust PaCO, u pH.
[105]. Ilogo6HbIe pe3yIbraThl OIYOJUKOBAIN TAKKE
W.J. M. Schellekens et al. [106]. Ognako, npukaaaHas
[[EHHOCTD THX JAHHBIX [IOJKHA OLIEHUBATHCS B 1aJIb-
HENINX KIMHUIeCKUX UCCJIeIOBAHUSX.

[Tonumanue Ttoro daxra, yro MBJI moxer
SIBJIATBCS IPUYIHOM Pa3BUTH AnadparMaIbHO 1c-
dbyHKIMY, TpUBEIO0 K HOPMUPOBAHUIO KOHIIETIIIHN
nuadparMa-mpoTeKTUBHONW — BEHTHUJIAIUU  JIETKUX.
KirioueBbIM MOMEHTOM JIAHHOI METOIUKU, CHOPMYJIH-
posannoii L. M. Heunks u C. Ottenhejm, siBisiercs
TOT (haKT, YTO KaK HEJJOCTATOYHAs, TAK U Upe3MepHast
MHCIIMPATOPHAST HATPY3Ka HA JBIXaTeJbHbIE MBIIIIIbI,
BCJIE/ICTBUE HEPAIMOHATIBHON PECIIPATOPHON O/ -
JePKKU, MOKET OKA3bIBATh HETATUBHOE BJIMSHUE HA
uX (HYHKIHMIO, yBEJUUUBAst BPeMsI 1TpeObIBAHUS MAlU-
entoB B OPUT [107].

[To MHEHUIO HEKOTOPBIX HCCJIe0BATE e, Iep-
CIIEKTUBHBIM METOJIOM pECIIMPATOPHON Tepamnumu,
MOJIOXKUTETBHO BIUSIONIM HA (DYHKIUIO [ruadparMbl
npu jaautenbuoint UBJI moxkeT sABUTbCS BbICOKOYA-
CTOTHASI OCIMJLJIAIINS TPYIHOM KJIETKU C TIOMIIIBIO CIie-
[[MAJIBHOTO JKUJIEeTA, paHee MoKa3aBInas cBoio addex-
TUBHOCTH [P JIEYEHUU PA3JIUYHBIX 3a00JeBaAHUN
Jgerkux. /Iy TOATBep:KAEHUsI NAaHHOW TUIIOTE3bI
HeoOX0AMMBI JasibHeliinne nceaegosanus [108].

HeBeHTUIAIIMOHHAS Tepamus.
MeaukamMeHTO3HOE BO31€CiiCTBHE:
aHTHOKCHUIAHTbI 1 HHTHOUTOPBI
MPOTE0JIN3a, <HHOTPOMHAS > MOA/AepPrKKa

[TpunuMas Bo BHUMaHME TOT (DAKT, YTO OKCHUIA-
TUBHBIN CTpecc SABJsAeTcs KpalfHe 3HAYMMbIM U MHUTH-
abHBIM 3BeHOM TatoreHesa MINJI/I, a aktuaius npo-
TeoJIM3a TOJYIEPKUBAET TIPoIece HapylieHus OyHKITN
madparmbl, UCIIOIb30BAHNE AHTUOKCU/IAHTOB U WHTH-
GUTOPOB MTPOTEONUTHIECKIX CHCTEM B KAUECTBE MEIU-
KaMeHTO3HOU Tepanuu KaxeTcs onpasgaHibiM [109].
[Ipu aTOM MMEIOTCS JTaHHBIE MCCIIE0BAaHUS TPYIIITBI
K. P. Howe et al., nokazasiuue s heKTUBHOCTD KINHU-
YeCKOTO ITPUMEHEHHS aHTUOKCH/IAHTOB JIJIs1 COKpallle-
Hust gymrespHocty VIBJT [110]. Heo6xoaumo HOMHUTS,
YTO Ha ]AHHBI MOMEHT HET IOCTOBEPHBIX aPI'YMEHTOB B
OJIb3Y TOTO, YTO TTOJIOKUTEbHBIE 3h(DEKTDI, J0cTHUTaC-
MbI€ TIOZIOGHOM Teparueii, ABJIAIOTCSA PE3YIBTATOM CIie-
1(UYECKOro JIeHCTBUA TIPENapaToB JaHHBIX MPYIIIL.

Jlpyroii BO3MOKHOM cTpaTerueil, HalrpaBIeHHON
Ha yBeJIMYEHUE MBIIIEYHON CUJIbI inadyparmMbl, MOKET

imals [116, 117]. In particular, a study carried out by
T. Breuer et al. demonstrated that bilateral stimulation
of the phrenic nerve simulating spontaneous breathing
during deep sedation made it possible to achieve ade-
quate ventilation in the PSV mode, while improving
the metabolic parameters of the diaphragm fibers [118].

In 2014, B. Ahn et al. published study results
demonstrating that intraoperative electric stimulation
can increase the contractile strength of the diaphragm
in patients in the postoperative period [119]. Other
authors described the positive effects of intraoperative
diaphragm stimulation (including that using a regular
pacemaker [120]) on the development of oxidative
stress and contractile strength of the diaphragm [121].

The possibility of intraoperative placement of
temporary electrodes for diaphragm stimulation and
electromyography in postoperative patients during ab-
dominal or thoracic interventions was described in the
study of R. P. Onders et al. The authors believe that
the installation of temporary electrodes in patients at
high risk of a long-term ventilation may be a valuable
tool to prevent the development of postoperative di-
aphragm dysfunction, as well as reduce the cost of
treatment of «difficult-to-wean» patients [122].

According to a number of experts, the leading
areas of future research include determining indica-
tions and contraindications for this procedure.

Conclusion

The VIDD is a specific complication of MV
which has been confirmed in both clinical and experi-
mental studies.

Since 30—80% of patients in the ICU require
mechanical respiratory support and even 6—8 hours
of mechanical lung ventilation can contribute to the
development of a significant weakness of the di-
aphragm, it can be concluded that the VIDD is an ex-
tremely urgent problem in most patients.

Oxidative stress, proteolysis, mitochondrial dys-
function, as well as passive overdistension of the di-
aphragm fibers contribute greatly to the pathogenesis
of VIDD.

A typical clinical presentation allowing to sus-
pect the development of the VIDD is a situation when
an attempt to switch a patient to spontaneous breath-
ing has failed and other possible causes are ruled out.

Sonography is the most informative and accessi-
ble method of diagnosis of the VIDD, which allows a
bedside, non-invasive and repeated examination of the
structural and functional state of the diaphragm (con-
tractility and thickness).

Although there have been no standards for the
management of patients with confirmed VIDD devel-
oped to date, an attempt to preserve spontaneous
breathing or the use of the latest auxiliary ventilation
modes seems to be the most promising approach.
However, these approaches do not fully solve the
problem and require further clinical trials.
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OBITh BO3/IEHCTBUE HEMOCPEJACTBEHHO Ha COKPATH-
MOCTb JbIXaTeabHOI Myckyaarypsl. W-Y. Kim et al.
OTIMCAJIN YJIydIlIeHNEe COKPATUTENIbHON aKTUBHOCTH
muadparMbel y MAUEHTOB C IUATHOCTUPOBAHHOI
NI/ npu npumeHennn TeoduIMHA, OTHAKO JIaH-
HBIX KPYITHBIX UCCJIEJ0BAHMIL, TIOATBEPAUBIIUX KIIH-
HUYecKyio 9 GEKTUBHOCTb TeO(DUITNHA HA TAHHBIN
MOMeHT He oirybmkosano [111].

C 1esbio BAMSHUS HA COKPATUTENBHYIO (DYHK-
I[UIO JIBIXAaTeJbHOI MYCKYJIATYPbl MOXKHO HCIIOTh30-
BaTh U KaJbI[MEBble CEHCUTAIT3€pPbl, B YACTHOCTH,
JIEBOCUMEH/IAH, CITOCOOHBIN, OKAa3bIBATH IMOJIOKH-
TEJbHBII WHOTPONHBIN P derT Ha auadparmy y
suBoTHBIX [112, 113]. B 2012 roay J. Doorduin et
al. omy6JIMKOBAIM KIMHIUYECKOE UCCIE0BAHKE 110
otienke aexTa JeBOCUMEHIAHA HA COKPATUMOCTb
muadparmer [114]. IIpu 9T0M OBLIO yCTAHOBJIEHO,
YTO COKpaTuTeIbHask MYHKIMS ArnadparMpl y maiu-
€HTOB, KOTOPBIM IIPOBOAMINCH MH(PY3UU TIpenapara,
Gbla BBINIE, YEM B KOHTPOJIbHOI rpyrie. Takum
06pa3oM, UCTIOJIb30BAHKE JIEBOCUMEH/IaHA ABJSAETCS
MHOTOOOEMIAIONTIM MOAX0A0M B 60pbbe ¢ coKkpaTu-
TeapHON nuchyHkumeil aumadparMel, OIXHAKO
HEOOXOUMBI JlabHene KINHUYECKNEe UCIITa-
HUsI, B YaCTHOCTHU M3ydeHue ero aPeKToB BO BpeMs
nporeypsl nepesojia ¢ UBJL.

HemeukaMeHTO3HOE BO3/IeliCTBUE:
3JIEKTPOCTUMYJISIIUS THadparMbl

Csenenus o moJoxKUTENbHOM 3 deKTe IIeK-
TPOCTUMYJISAIMU Ha CTPYKTYPY U (YHKIMIO AHa-
¢parmsr ipu ipoBeienun anureabuoit IBJI nossu-
auck emne B 1999 r. ABTopamu oncano npuMeHeHue
MMILIAHTUPOBAHHOTO JIBYCTOPOHHETO CTUMYJIATOPA
nuadparManbHOTO HepBa y 49-j1eTHETO MYKUYNHBI C
TPaBMOIi cliMHHOTO Mo3ra Ha yposHe C2. Boui cre-
JIAH BBIBO/I, YTO OTCYTCTBHE COKPATUTEIHHON aKTUB-
HOCTH inadhparMbl TPUBOUT K ee aTpoduu, KoTopas
MOKET OBITh HUBEJUPOBAHA TTOJY4ACOBBIMU TIEPUO-
JaMU eKeJTHEBHOM 3JIeKTPOCTUMYIAUM quadpar-
MaJibHOTO HepBa [115].

Py sxcniepuMeHTaNIbHBIX UCCIEIOBAHUH TTOKA-
3aJ1 TIOJIOKUTEIbHOE BIUSHNAE CTUMYJIAINY anadpar-
MaJIbHOTO HEpBa Ha CTPYKTYPHO-(PYHKIIMOHAJIbHOE
cocrostnue quadparmot skuBoTHBIX [ 116, 117]. B yact-
HocTH, B uccieposannu T. Breuer et al. aBycroponnsis
CTUMYJIAINA 1rnadparMaIbHbIX HEPBOB, UMUTUPYIO-
1ast CIOHTaHHOE JIbIXaHue BO BPeMst IIyOOKoil ceza-
IHH, TTO3BOJIAJIA JIOOUTHCST AIEKBATHON BEHTHUIISIIIUY B
peskume PSV, yydiiuB mpu 3ToM MeTaboIMIecKie
MoKa3aTesu BoJIOKOH fuadparmbl [118]

B 2014 r B. Ahn et al. ony6mkoBamu pe3y/ibraThl
MCCIIe/IOBaHN, TIOKA3aBINEro YTO MHTPAOTIEPAITMOHHAS
AIIEKTPOCTUMYJISIIHST CIIOCOOHA YBEJIMYNBATH COKPATH-
TEJILHYTO CUJTY ZiMadparMbl y MaIMeHToB B TIOcJIeorepa-
rmonHoM niepuozie [ 119]. [lpyriumu aBropamu omrcbiBa-
JIOCh TIOJIOKUTETbHOE BO3/ICHCTBHE MHTPAOTIEPAIIMOHHOM
CTUMYJIAINN radparMbl (B TOM YUCJIE U C TIOMOIIBIO

No convincing data on the clinical efficacy of a
drug therapy of the VIDD have been obtained to date.
The most promising methods of drug therapy de-
scribed at present may include the use of calcium sen-
sitizers and antioxidants.

Several publications demonstrated a positive ef-
fect of electric stimulation on the state of the di-
aphragm, and therefore it is necessary to develop
clinical protocols of application of various variants of
this technique.

Further search and substantiation of risk factors
associated with the development of the VIDD, the de-
velopment of optimal ventilation strategies, the devel-
opment of physiotherapeutic and diagnostic methods,
as well as the consolidation of the work of a multi-field
team (neurologists, pulmonologists, anesthesiologists,
resuscitation specialists, surgeons and others) can help
in solving this problem.

HITATHOTO AJIeKTpoKapanocTumy sitopa [ 120]) Ha pa3su-
THe OKUCJIUTETBHOTO CTPECCA M COKPATUTEIBHON CUJTBI
madparmer [121].

Bo3MokHOCTH MHTPAOIIEPAIIMOHHOM YCTAHOBKHI
BPEMEHHBIX AJIEKTPOIOB JIJIs CTUMYJIAIMN AnadpParMbl
U IIPOBEIEHIIS DJIEKTPOMUOTrPAGUN B TIOCTOINEPAITIOH-
HOM IIepPUOJIE Y MAIMEHTOB BO BPEMst aG/IOMUHATbHBIX
WJIM TOPAKATbHBIX BMEIIATEJNbCTB OBLIO OIUCAHO B
ucciaenosanuu R.P. Onders et al. ABropsl nonaraior,
YTO YCTAHOBKA BPEMEHHBIX 9JIEKTPOJIOB, Y TAIIUEHTOB
BBICOKOTO PUCKA [ITUTEJTBHON BEHTUIISAIIUMY MOYKET OKa-
3aThCsI IEHHBIM UHCTPYMEHTOM JIJISI IPE0TBPAILEHUS
Pa3BUTHUS [IOCJIEO0TEPAIIIOHHON AnadparMaIbHOI rc-
yHKINUM, a TaKKe CHIDKATh CTOUMOCTH JI€UEeHUSI
«TPY/THO OTJIy4aeMbIX» MaIueHToB [122].

Beymumu HarrpaBaeHusAME Oy Iy X UCCIIEN0-
BaHUIi, IO MHEHUIO Psila CHEIMAJUCTOB, SBJSIETCS
orpe/ieJieHre TOKA3AHMIT ¥ ITPOTUBOIIOKA3AHII JIJIsT
[POBE/IEHYST TIOJ0OHOIT TIPOTIE/LY PHL.

3akiaoyeHue

NNJJI sinsiercs crienuuyecKuM OCJI0KHEHH -
eM VBJI, nokaszaresbcTBa CylecTBOBAHUS KOTOPOM
OBbLIN IIOJyYeHBl KaK B KIMHUYECKUX, TAK 1 B DKCIIe-
PEMEHTATTbHBIX UCCJIE/JOBAHUSX.

VyuTbiBas, 4TO HEOOXOAUMOCTD B MEXaHUYECKOM
noazuepxke ucnbitbiBaior 30—80% Gonbubix B OPIUT,
a naxxe 6—8-u yacoBast UCKYCCTBEHHAST BEH TUJISIINS
MOJKET CII0COOCTBOBATH PA3BUTUIO 3HAUNTEIBHOI CJ1a-
6octun puadparmMbl, MOKHO CAE€JIaTh BBIBOA, YTO
VUL ssisieTcst KpaliHe akTyaJbHON 1IpobieMoil y
6OJIbIINHCTBA [ALUEeHTOB.

B marorenese MU/I/I BaxkHyio poJb UTpalOT
OKCUJIATUBHBIN CTPECC, TPOTEOJTU3, MUTOXOHIPUAITb-
Has AUChYHKINS, a TAKKe TAaCCUBHOE TIepepacTsiKe-
HUe BOJIOKOH inachparmabl.

Tunuynast KIMHUYECKass KAPTUHA, TIPU KOTOPOI
caenyet 3anono3puth pazsutue MNJI/] — ato cutya-
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IMsI, IPU KOTOPOII TOTBITKA TIEPEBECTH TAIlMeHTa Ha
CaMOCTOSITEJIBHOE JIbIXaHWe 3aKOHUNJIACh Heyiadel,
[P UCKJIIOYEHUH JAPYTUX BO3MOKHBIX TPUYNH.
HauGonee uHbOPMATUBHBIM M JOCTYIIHBIM
MmeronoM auarnoctuku MM/ asiagerca Y 3U, mos-
BOJISTIONIEE TIPUKPOBATHO, HEMHBA3UBHO U MHOTOKPAT-
HO OIIEHUBATh CTPYKTYPHO-(YHKIIMOHATLHOE COCTOSI-
Hue quadparmbl (COKPATUMOCTH U TOJIIUHY ).
Hecmotpst Ha TO, 4TO HA JAHHBIA MOMEHT, HE pas-
paboTaHbl CTaHAAPTHI 110 BEAEHUIO ALUEHTOB C yCTa-
HosjienHoil MM/, nauGosiee mepereKTUBHBIM MO/
XOJZIOM, TIO-BUIMOMY, SIBJISIETCST ITOTIBITKA COXPAHEHUST
CITOHTaHHOTI'O JIbIXaHUs WJIM MCII0JIb30BaHe HOBEi-
HIUX BCIIOMOTATEIBHBIX PEKUMOB BEHTUJISIINN. TeM He
MeHee, U 9TH [IOAXO0/bI 10 KOHI[A HE PeIIaioT IPobIeMy
U TpeOYIOT JaabHEHIINX KINHIYECKUX UCIIBITAHUIA.
V6eauTepbHbIX JaHHBIX O KINHIYECKOI ahPek-
TUBHOCTU MeauKameHTo3Hon teparu WU/ na
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CETOHATIHII MOMEHT He Toayueno. Haunbosee mep-
CITEKTUBHBIMH METO/IAMI MeTUKAMEeHTO3HOI Teparuu,
OMHUCHIBAEMBIM Ha JAaHHBIII MOMEHT, MOXET OBITH
UCTIOJIb30BAHNE KAJBITIEBBIX CEHCUTAN3ePOB 1 aHTH-
OKCH/IAaHTOB.

B psine my6aukanuii 66110 OTMEUEHO MOJTOKN-
TeJIbHOE BIMSHUE 2JIEKTPOCTUMYJISIIIH Ha COCTOSTHUE
nuacdparMel, B CBsI3U ¢ 4eM Tpebyercss paspaboTia
KJIMHUYECKUX MTPOTOKOJIOB UCTIOIb30BAHUS PA3JINY-
HBIX BADUAHTOB JJAHHOI METOIUKU.

JanbHelinmii mouck u obocHoBanue GakTopPoB
pHCKa, cBA3aHHBIX ¢ pasButueM MY/, paspaboTka
ONITUMAJIBHBIX CTPATErwil BEHTHUJISAIUU, Pa3BUTHE
(usmoTepaneBTUYEKNX U TUATHOCTHYECKIX METOIOB,
a TakyKe KOHCOJUAIust paboThl pa3HONPOGUIHHBIX
CITEI[TATUCTOB (HEBPOJIOTOB, Ty IbMOHOJIOTOB, AHECTe-
3UOJIOTOB, PEAHUMATOJIOTOB, XUPYPrOB U JAPYTHUX)
MOTYT TIOMOYb B PEIIEHUH 9TON MPOOIEMBL.
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